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1 Introduction
One of the open questions in high energy physics is the mechanism of electroweak
symmetry breaking. The physics that breaks electroweak symmetry is responsi-
ble for giving the W and Z gauge bosons their masses, removing the symmetry
that connects them to the massless photon. Since a massive spin-one particle
has three polarizations, rather than the two of a massless mode, the new physics
must supply degrees of freedom to be swallowed by the gauge bosons.
In an approximate sense, these swallowed degrees of freedom are the long-
itudinal polarizations WL and ZL of the gauge bosons. If we examine any am-
plitude for a subprocess involving longitudinal gauge bosons, we find that as
the energy gets large, the WL and ZL behave more and more like the original
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swallowed degrees of freedom [1, 2, 3]. Therefore, a good way to probe the inter-
actions of the symmetry breaking sector is by the interactions of the longitudinal
components of the gauge bosons.
Over the years many competing ideas for the electroweak symmetry break-
ing sector have been suggested. Some of these, such as technicolor models [4, 5],
include strong self-interactions. In fact, strong self-interactions are a fairly gen-
eric feature of the models with dynamical symmetry breaking.
Strongly self-coupled models are difficult to solve using analytic means.
However, any proposed model of the electroweak symmetry breaking sector must
produce three Goldstone bosons, to be swallowed by theW and Z. By dint of the
fact that they are Goldstone bosons, the longitudinalW and Z can be described
by chiral Lagrangian techniques [6, 7], and certain low-energy theorems [8, 9]
can be shown to hold for their interactions. These theorems hold independent of
any particular structure of the high energy theory. The Goldstone bosons may
be fundamental (as in the strongly self-coupled standard model) or composite
(as in technicolor) - their interactions near threshold are determined entirely
from the symmetry structure of the theory.
In this chapter we explore the electroweak symmetry breaking sector using
the approach outlined above. The goal is to see what statements can be made
about experiments that probe the symmetry breaking sector without making
reference to the detailed interactions of the underlying theory.
As described below, the interactions of the longitudinal gauge bosons grow
with energy. As we shall see, if no new physics enters to cut off their growth, at
energies of order 1 TeV or so the longitudinal gauge bosons are so strongly self-
coupled that the scattering amplitudes would violate unitarity [2]. One expects
therefore that some sort of new physics comes in to cut off the growth in the
amplitudes. Frequently this new physics takes the form of new resonances with
masses near the TeV scale. For example, in the standard model (SM), a neutral
scalar Higgs boson is present [10].
There is, however, nothing especially sacrosanct about the Higgs scalar –
there are many possibilities for this new physics, and which one is chosen will
depend on the details of the underlying dynamics. Such a strongly-interacting
symmetry breaking sector need not be at all like the minimal standard model,
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and many alternatives have been suggested. For example, one could have a richer
spectrum of resonances in the few TeV region, as is expected for technicolor
models [5].
If one has a specific model for a strongly-interacting electroweak symmetry
breaking sector, one can, at least in principle, predict the resonances that should
appear in high energy experiments. That, however, would take us beyond the
scope of this chapter and is the subject of another working group [11]. Here, we
concern ourselves with the phenomenology of a generic strongly-interacting elec-
troweak symmetry breaking sector at future colliders. However, we will adopt
a phenomenological approach, describing the experimental signals for different
kinds of new physics. Thus we go a little bit, but not too much, beyond strict
“model independence”.
We will parameterize three simple scenarios: one in which there are no
resonances in the experimentally accessible region; one in which the physics is
dominated by a new particle with the quantum numbers of the Higgs boson;
and one in which the physics is dominated by a new vector particle.
In very high energy processes, there are many competing mechanisms to
produce W and Z bosons. Some of these are more sensitive than others to the
longitudinal components. A complete numerical study of a strongly-interacting
symmetry breaking sector beyond the SM has not been done. Rather, some
simplifying assumptions have generally been used. For example, in this chapter
we isolate the kinematic region at fairly large energy, in which the interactions
of longitudinal gauge bosons dominate. If instead one concentrates exclusively
on low energy physics, one can choose to focus on the changes made by new
physics to the gauge boson self-couplings. This simplified scenario is studied in
the chapter on Anomalous Gauge Boson Interactions [12].
For the study of processes in which the longitudinal components of the W
and Z dominate the scattering amplitudes, it is sufficient to use the Equivalence
Theorem (ET) [1, 2, 3, 13, 14] to extract from the full amplitude only those terms
that are of “enhanced electroweak strength”. This means that one can calculate
amplitudes replacing allW and Z gauge bosons by their corresponding would-be
Goldstone bosons in Landau gauge. By doing this one obtains amplitudes that
are correct up to terms of order O(MW/E). Results for WW scattering in this
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approximation are only valid for s≫M2W .
One mechanism to produce vector boson pairs at future colliders is through
light fermion anti-fermion annihilation. This is the case of light qq¯ annihilation
in hadronic colliders (the Drell-Yan mechanism), as well as the case of e+e−
annihilation in future e+e− colliders. This process yields vector boson pairs
that are mostly transversely polarized and will usually be a background to the
processes considered here. The one important exception is the production of
longitudinally polarized vector bosons in a J = 1 state [3, 15, 16, 17, 18, 19, 20,
21, 22]. This production mechanism is thus very sensitive to new physics with
a vector resonance like a techni-rho.
A second mechanism for producing longitudinal vector boson pairs in had-
ronic colliders is gluon fusion [23]. In this case the initial gluons turn into two
vector bosons via an intermediate state that couples to both gluons and elec-
troweak gauge bosons. Examples are: the top quark, new heavy quarks, and
new colored particles of a technicolor model. In this case, only chargeless VLVL
pairs can be produced, and thus this channel is particularly sensitive to new
physics with a scalar resonance like a heavy Higgs boson.
Finally, there is the vector-boson fusion process 1, say VLVL → VLVL, which
is especially important in the case of a strongly-interacting electroweak symme-
try breaking sector. The major advantage for studying the vector-boson fusion
processes is that they involve all possible spin and isospin channels simultane-
ously, with scalar and vector resonances as well as non-resonant channels.
In our phenomenological discussions below, we will mainly concentrate on
the first and the last mechanisms, due to the consideration of signal identification
and background suppression.
1.1 Global Symmetries
Let us begin by recalling that in the Standard Model, the WLWL scattering am-
plitudes are unitarized by exchange of a spin-zero resonance, the Higgs particle
1The gauge-boson fusion mechanism was first discussed in the context of e+e− scattering
in [24, 25]. For eN scattering, it was discussed in [26, 25]. Gauge-boson scattering in pp
collisions was first discussed in [27, 25].
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H . The Higgs boson is contained in a complex scalar doublet,
Φ = (v +H) exp(iwaσa/v) , (1)
where the σa are the conventional Pauli matrices. The four components of Φ
contain three would-be Goldstone bosons wa and the Higgs particle H . In the
Standard Model, the Higgs potential,
V = λ
16
[
Tr (Φ†Φ− v2)
]2
, (2)
is invariant under a global SU(2)L × SU(2)R symmetry,
Φ → LΦR† , (3)
with L,R ∈ SU(2). The vacuum expectation value
〈Φ〉 = v , (4)
breaks the symmetry to the diagonal SU(2). In the perturbative limit, it also
gives mass to the Higgs boson,
mH =
√
2λ v , (5)
where v = 246 GeV.
In the Standard Model, the diagonal SU(2) symmetry is broken only by
terms proportional to the hypercharge coupling g′ and the up-down fermion
mass splittings. It is responsible for the successful mass relation
MW = MZ cos θ , (6)
where θ is the weak mixing angle; MW and MZ are the masses of W
± and Z,
respectively. The four components of Φ split into a triplet wa and a singlet H
under the unbroken diagonal SU(2) symmetry. In analogy to the chiral symme-
try of QCD, we call the unbroken SU(2) “isospin” (or “custodial symmetry”)
[28].
Beyond the Standard Model, the electroweak interactions can be broken
by an arbitrary symmetry breaking sector. In all cases, however, we want the
electroweak gauge group SU(2)L×U(1)Y to be spontaneously broken to U(1)Q.
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The minimal global symmetry consistent with this pattern of symmetry break-
ing is thus a global SU(2) × U(1) that is broken spontaneously to U(1). The
global symmetry group can also be larger than this one. For example it could
be SU(2) × SU(2) that breaks down to SU(2), as in the minimal Standard
Model. As discussed above, in this case there is an isospin (or custodial) SU(2)
symmetry. We will restrict our study to interactions that respect this symmetry.
Of course, the global symmetry group may be larger, as is the case in
some technicolor models [29]. When this happens, however, there are pseudo-
Goldstone bosons remaining in the physical spectrum. We will not consider the
possibilities for direct observation of the (model-dependent) pseudo-Goldstone
bosons.
It is possible to study some aspects of electroweak symmetry breaking in a
model independent way using the language of effective (“chiral”) Lagrangians.
There is some information that will be common to all theories of electroweak
symmetry breaking and determines the low energy behavior of scattering am-
plitudes.
Introducing the would-be Goldstone boson fields, w+, w−, and z through
the matrix
Σ = exp (i~σ · ~w/v) , (7)
we can construct an effective Lagrangian that contains this very general infor-
mation:
L = v
2
4
Tr∂µΣ∂
µΣ† (8)
This is the most general effective Lagrangian one can write with only two deriva-
tives to describe the interactions of the Goldstone-bosons associated with the
spontaneously broken global symmetry SU(2) × SU(2) → SU(2). The gauge
interactions of the standard model are introduced by requiring the Lagrangian
in Eq. (8) to be gauge invariant under SU(2)L × U(1)Y . This is accomplished
by replacing the derivative with a covariant derivative:
∂µΣ→ DµΣ = ∂µΣ− ig
2
W αµ σ
αΣ + i
g′
2
BµΣσ3 (9)
This construction is thus an SU(2)L×U(1)Y gauge invariant mass term for the
W and Z satisfying the relation Eq. (6).
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1.2 VLVL Scattering Amplitudes
At high energies, the scattering of longitudinally polarized vector bosons (VL)
can be approximated by the scattering of the would-be Goldstone bosons wa [1,
2, 3, 9, 13, 14, 30]. For the Standard Model, this is a calculational simplification,
but for other models it is a powerful conceptual aid as well. For example, if one
thinks of the would-be Goldstone fields in analogy with the pions of QCD, one
expects theWLWL scattering amplitudes to be unitarized by a spin-one, isospin-
one vector resonance, like the techni-rho. Alternatively, if one thinks of the
Goldstone fields in terms of the linear sigma model, one expects the scattering
amplitudes to be unitarized by a spin-zero, isospin-zero scalar field like the Higgs
boson.
In this chapter, we are interested in the strongly-interacting longitudinal
W ’s in the TeV region. We will ignore the gauge couplings and the up-down
fermion mass splittings. Therefore, the SU(2) “isospin” is conserved. TheWLWL
scattering amplitudes can then be written in terms of isospin amplitudes, exactly
as in low energy hadron physics. We assign isospin indices as follows,
W aL W
b
L → W cL W dL , (10)
where WL denotes either W
±
L or ZL, where W
±
L = (1/
√
2)(W 1L ∓ iW 2L) and
ZL = W
3
L. The scattering amplitude is given by
M(W aLW bL → W cLW dL) = A(s, t, u)δabδcd + A(t, s, u)δacδbd + A(u, t, s)δadδbc ,
(11)
where a, b, c, d = 1, 2, 3, and s, t, and u are the usual Mandelstam variables. All
the physics of WLWL scattering is contained in the amplitude function A.
Given the amplitude functions, the physical amplitudes for boson-boson
scattering are given as follows,
M(W+LW−L → ZLZL) = A(s, t, u)
M(ZLZL →W+L W−L ) = A(s, t, u)
M(W+LW−L →W+L W−L ) = A(s, t, u) + A(t, s, u)
M(ZLZL → ZLZL) = A(s, t, u) + A(t, s, u) + A(u, t, s)
M(W±L ZL →W±L ZL) = A(t, s, u)
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M(W±LW±L →W±L W±L ) = A(t, s, u) + A(u, t, s) . (12)
2 Strongly-interacting Electroweak Symmetry
Breaking
For the Standard Model, the amplitude functions are easy to work out. They
can be expressed by
A(s, t, u) =
−m2H
v2
(
1 +
m2H
s−m2H + imHΓHθ(s)
)
, (13)
where mH and ΓH = 3m
3
H/32πv
2 are the mass and width of the Higgs boson;
θ(s) is the step-function which takes the value one for s > 0 and zero otherwise.2
If we look at the Standard Model amplitude forWW scattering in the I = 0
channel we find:
M = 1
v2
(
3s+ t+ u− 3s
2
s−M2H
− t
2
t−M2H
− u
2
u−M2H
)
(14)
and if we project out the J = 0 partial wave, we obtain for s≫ M2H :
a00 →
5M2H
32πv2
(15)
a result that is proportional to M2H . However, a minimal consequence of partial
wave unitarity is that
|Rea00| ≤
1
2
(16)
So we can see that for a sufficiently large Higgs boson mass (about 800GeV ), this
amplitude will “violate unitarity”. Of course no properly calculated amplitude
will ever violate unitarity, so what this means is that the amplitude is becoming
sufficiently large that we cannot trust our perturbative calculation. This has
been interpreted to mean that the minimal standard model becomes strongly-
interacting for a sufficiently heavy Higgs boson. This is the simplest example of
a strongly-interacting electroweak symmetry breaking sector.
2 Here and henceforth, we include a constant Breit-Wigner width for the Higgs particle in
the s-channel, there are several subtleties associated with this [31, 32, 33]. We do not include
the width in the non-resonant channels.
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Similarly, the lowest order expansion of Eq. (14) (the terms quadratic in
energy) is reproduced by the effective Lagrangian of Eq. (8). Since it follows just
from the pattern of symmetry breaking, this low energy behavior is universal.
In what follows, we discuss effective theories, based on nonrenormalizable
effective Lagrangians for the strong WW sector. These models must be under-
stood in the context of an energy expansion. Generally, such an expansion does
not provide a unitary description for all energies. This is simply because the
effective Lagrangian does not make explicit the new physics that must appear
at some scale Λ, well above the WW mass region where it is to be employed.
For numerical estimates it is often necessary to cut off the bad high energy
behavior of the scattering amplitudes outside the region of validity of the effec-
tive theory. This introduces some undesirable but unavoidable systematic error.
Several such unitarization schemes have been applied in the literature, for ex-
ample: the K-matrix unitarization, Pade` approximants, and N/D methods [34].
In our discussions, we will follow some simple treatments, either the K-matrix
unitarization or some cutoff scheme (see following sections).
2.1 Nonresonant Models
Effective field theories can describe nonresonant models in which the WLWL
scattering occurs below the threshold for resonance production [7]. The effec-
tive Lagrangian description allows one to construct gauge invariant scattering
amplitudes that are consistent with the global symmetries, crossing symmetry,
and perturbative unitarity order by order in an energy expansion [35].
The lowest order effective Lagrangian, Eq. (8), gives the universal, leading
order, behavior of the scattering amplitudes. In order to calculate amplitudes
to next to leading order in powers of the external momenta, p4, one uses Eq. (8)
at tree and one-loop levels, and the most general effective Lagrangian consistent
with the desired symmetries that contains four derivatives. The infinities that
appear when using Eq. (8) at one loop, are absorbed by defining renormalized
parameters in the next to leading order effective Lagrangian.
At next to leading order one finds corrections to the lowest order behavior of
amplitudes. Unlike the lowest order computation, these actually depend on the
underlying dynamics. This description of scattering amplitudes has been seen
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to work reasonably well for the case of ππ scattering up to energies of about
500 MeV. In QCD, the scale of chiral symmetry breaking (that is, the scale by
which the higher dimension operators are suppressed) is about 1 GeV; if the
electroweak symmetry breaking sector is analogous then we may naively scale
the scattering amplitudes by a factor of v/fπ and expect the effective Lagrangian
description of ww scattering to be “reasonable” below about 1.5 TeV.
This type of model allows the study of WW scattering in a “low energy
region”, below threshold for production of any new resonance. In this way we can
assess the capability of a new collider to study electroweak symmetry breaking
when it cannot directly produce new heavy resonances.
Since we limit our discussion to the scattering of longitudinal vector bosons
at high energy, it is sufficient to consider the effective Lagrangian for the Gold-
stone fields. We note that the field Σ defined in Eq. (7) transforms as
Σ→ LΣR† (17)
under SU(2)L × SU(2)R. The most general SU(2)L × SU(2)R invariant La-
grangian for the Goldstone fields containing four or fewer derivatives is [7]
LGoldstone = v
2
4
Tr ∂µΣ
†∂µΣ
+ L1
(
v
Λ
)2
Tr (∂µΣ
†∂µΣ) Tr (∂νΣ
†∂νΣ)
+ L2
(
v
Λ
)2
Tr (∂µΣ
†∂νΣ) Tr (∂
µΣ†∂νΣ) , (18)
where Λ ≤ 4πv denotes the scale of the new physics [36].
When the effective Lagrangian is gauged, there are additional terms that
can be added. The coefficients of these extra terms induce “oblique” corrections
[37] to the gauge boson propagators, and anomalous three- and four-gauge boson
couplings [12].
With the effective Lagrangian, Eqs. (8) and (18), to order p4, the scattering
amplitudes are given by [7]
A(s, t, u) =
s
v2
+
1
4π2v4
(
2L1(µ) s
2 + L2(µ) (t
2 + u2)
)
+
1
16π2v4
[
− t
6
(s+ 2t)log
(
− t
µ2
)
− u
6
(s+ 2u)log
(
− u
µ2
)
11
− s
2
2
log
(
− s
µ2
)]
, (19)
where we have taken Λ = 4πv ∼ 3.1 TeV and the Li(µ) are the renormalized
coefficients in the effective Lagrangian. (log(−s) = log(s) − iπ, for s > 0.) To
this order, there are two types of contributions. The first is a direct coupling
that follows from the tree-level Lagrangian. The second is a one-loop correction
that must be included at order p4. The loop contribution renormalizes the
parameters L1 and L2, and gives finite logarithmic corrections that cannot be
absorbed into a redefinition of the couplings. The parameters L1,2 contain the
information about the physics that breaks electroweak symmetry.
One difficulty with this low-energy effective Lagrangian approach is that
the scattering amplitudes violate unitarity for WW invariant masses between
1 and 2 TeV. This indicates that the low energy description is breaking down
because new physics is near. Since the new colliders do not provide monochro-
matic beams of W bosons, but rather a continuous spectrum, in any practical
calculation we are forced to deal with scattering amplitudes at energies outside
the region of validity of the low-energy description. The standard treatment of
this problem is the unitarization of the scattering amplitudes. Unfortunately
this procedure is not unique and introduces systematic errors in the studies.
Some unitarization prescriptions that have been used in the literature in-
clude:
• 1) Take L1(µ) = L2(µ) = 0 and ignore the loop-induced logarithmic correc-
tions to the scattering amplitudes. The resulting amplitudes are universal
in the sense that they depend only on v. They reproduce the low-energy
theorems of pion dynamics. Unitarize these amplitudes by saturating the
partial waves when they reach the bound |aIℓ | ≤ 1. This is the original
model considered by Chanowitz and Gaillard [3], so we call it LET CG.
• 2) Another approach is to take L1(µ) = L2(µ) = 0, ignore the loop-induced
logarithmic corrections as before, and unitarize the scattering amplitudes
using a “K-matrix.” That is, replace the partial wave amplitudes aIℓ by
tIℓ , where
tIℓ =
aIℓ
1− iaIℓ
. (20)
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Note that neither this method nor method 1) preserves crossing symmetry.
We call this model LET K.
• 3) A third possibility includes the full O(p4) amplitude presented above.
By varying the parameters L1(µ) and L2(µ), one can sweep over all possible
nonresonant physics. In particular, one can search for a region where
equation (16) is not violated before 2 TeV. Scanning the (L1(µ), L2(µ))
parameter space, one finds that the values [38]
L1(µ) = −0.26
L2(µ) = +0.23 , (21)
measured at the renormalization scale µ = 1.5 TeV, maximize the scale at
which (16) breaks down. Beyond 2 TeV, the partial waves are no longer
unitary. In order to compare with the total event rates in the other models,
above 2 TeV we unitarize the scattering amplitudes using the K-matrix
prescription, so we call this model DELAY K. Note that only the real part
of aIℓ in Eq. (19) is used to obtain the unitarized partial wave amplitude
tIℓ above 2 TeV.
2.2 Spin-zero, Isospin-zero Resonances
We now consider the case where the symmetry breaking sector has a scalar
resonance as its dominant feature at energies up to a few TeV. This corresponds,
for example, to a standard model Higgs boson in the non-perturbative regime,
or to a technicolor-like theory whose lowest resonance is a techni-sigma. As
before, we may construct an effective Lagrangian, which will be consistent with
the chiral symmetry SU(2)L × SU(2)R, spontaneously broken to the diagonal
SU(2).
The basic fields are Σ and a scalar S. The new field S transforms as a
singlet under SU(2)L × SU(2)R,
S → S . (22)
This is all we need to construct the effective Lagrangian. To the order of
13
interest, it is given by
LScalar = v
2
4
Tr ∂µΣ†∂µΣ
+
1
2
∂µS∂µS − 1
2
M2S S
2
+
1
2
gv S Tr ∂µΣ†∂µΣ + . . . , (23)
where MS is the isoscalar mass, and g is related to its partial width into the
Goldstone fields,
ΓS =
3g2M3S
32πv2
. (24)
To this order, the Lagrangian (23) is the most general chirally-symmetric
coupling of a spin-zero isoscalar resonance to the fields wa. It contains two free
parameters, which can be traded for the mass and the width of the S. For g = 1,
the S reduces to an ordinary Higgs boson. For g 6= 1, however, the S is not a
typical Higgs boson. It is simply an isoscalar resonance of arbitrary mass and
width. In either case, one must be sure to check that the scattering amplitudes
are unitary up to the energy of interest.
The tree-level scattering amplitude is easy to construct. It has two terms.
The first is a direct four-Goldstone coupling which ensures that the scattering
amplitude satisfies the Low-Energy Theorems (LET) [8, 9]. The second contains
the contributions from the isoscalar resonance. Taken together, they give the
full scattering amplitude,
A(s, t, u) =
s
v2
−
(
g2s2
v2
)
1
s−M2S + iMSΓSθ(s)
. (25)
2.3 Spin-one, Isospin-one Resonances
This example provides a relatively model-independent description of the techni-
rho resonance that arises in most technicolor theories. As above, one can use
the techniques of nonlinear realizations to construct the most general coupling
consistent with chiral symmetry [6, 39, 40, 41].
To find the techni-rho Lagrangian, we first parameterize the Goldstone fields
wa in a slightly different way,
ξ = exp(i~σ · ~w/2v) , (26)
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so Σ = ξ2. We then represent an SU(2)L × SU(2)R transformation on the field
ξ as follows:
ξ → ξ′ ≡ L ξ U † = U ξ R† . (27)
Here L, R and U are SU(2) group elements, and U is a (nonlinear) function of
L, R and wa, chosen to restore ξ′ to the form (26). Note that when L = R,
U = L = R and the transformation linearizes. This simply says that the wa
transform as a triplet under the diagonal SU(2).
Given these transformations one can construct the following currents,
JµL = ξ
†∂µξ → UJµLU † + U∂µU † ,
JµR = ξ∂µξ
† → UJµRU † + U∂µU † . (28)
The currents JµL and JµR transform as gauge fields under transformations in
the diagonal SU(2). As above, the transformations linearize when L = R = U .
The transformations (28) inspire us to choose the techni-rho transformation
as follows,
Vµ → UVµU † + ig˜−1 U∂µU † . (29)
In this expression, Vµ = V
a
µ σ
a, and g˜ is the techni-rho coupling constant. When
L = R = U , Eq. (29) implies that the techni-rho transforms as an isotriplet of
weak isospin.
Using these transformations, it is easy to construct the most general La-
grangian consistent with chiral symmetry. We first write down the currents
Aµ = JµL − JµR ,
Vµ = JµL + JµR + 2ig˜Vµ , (30)
which transform as follows under an arbitrary chiral transformation,
Aµ → UAµU † ,
Vµ → UVµU † . (31)
Under parity (which exchanges JL with JR and leaves V invariant), V is in-
variant, while A changes sign. If we make the additional assumption that the
underlying dynamics conserve parity, we are led to the following Lagrangian,
LVector = − 1
4
V aµνV
aµν − 1
4
v2Tr AµAµ − 1
4
av2Tr VµVµ + . . . , (32)
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where V aµν is the (nonabelian) field-strength for the vector field V
a
µ . The dots
in this equation denote terms with more derivatives. Up to a possible field
redefinition, this is the most general coupling of a techni-rho resonance to the
Goldstone bosons, consistent with SU(2)L × SU(2)R symmetry.
In this Lagrangian, the parameter v is fixed as before. The parameters g˜
and a, however, are free. One combination is determined by the mass of the
techni-rho,
M2V = ag˜
2v2 , (33)
and another by its width into techni-pions (i.e. Goldstone bosons),
ΓV =
aM3V
192πv2
. (34)
The couplings described in this section are related to those of the BESS model
[39, 40, 41]. In particular a corresponds to the BESS parameter α, and
g˜2 =
M5V
192πv4ΓV
=
g′′2BESS
2
(35)
Using this equation we can interpret the bounds on the BESS model coupling
g′′ as bounds on the ratio M5V /ΓV .
The couplings to fermions are also determined by the formalism of nonlinear
realizations, and it is possible to introduce direct couplings between the vector
resonance and ordinary fermions. These additional couplings (b and b′ in the
BESS model) are not studied in this chapter.
Once again, the Goldstone-boson scattering amplitude is easy to compute.
It contains a direct four–Goldstone-boson coupling, as well as the isovector res-
onance. One finds
A(s, t, u) =
s
4v2
(
4− 3 a
)
+
aM2V
4v2
[
u− s
t−M2V + iMV ΓV θ(t)
+
t− s
u−M2V + iMV ΓV θ(u)
]
. (36)
2.4 The Hidden Symmetry Breaking Sector
2.4.1 Introduction
The symmetry breaking scenario discussed in this section has been termed a
“Hidden Symmetry Breaking Sector” [42].
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As we have seen, there are various possibilities for the properties of the
quanta at the 1 TeV scale. In the weakly coupled one-doublet Higgs model, the
new physics is a light Higgs boson. In minimal technicolor [4], the exchange of
the technirho and other particles unitarizes gauge boson scattering just as the
analogous particles unitarize ππ scattering amplitudes in QCD.
It is frequently assumed that these two types of behavior for elastic W and
Z scattering are generic (see, for example [15, 43]). If the symmetry breaking
sector is weakly coupled, the growth of the WLWL scattering amplitudes is cut
off by narrow resonances (like a light Higgs boson) at a mass scale well below a
TeV. For strongly coupled theories, it is assumed that the amplitudes saturate
unitarity and that there are broad resonances in the TeV region where the strong
interaction sets in.
There is another possibility: if the electroweak symmetry breaking sector
has a large number of particles, the elastic W and Z scattering amplitudes can
be small and structureless, i.e. lacking any discernible resonances. Nonetheless,
the theory can be strongly-interacting and the total W and Z cross sections
large: most of the cross section is for the production of particles other than the
W or Z. In such a model, discovering the electroweak symmetry breaking sector
depends on the observation of the other particles and the ability to associate
them with symmetry breaking. Physicists must keep an open mind about the
experimental signatures of the electroweak symmetry breaking sector because
discovery of electroweak symmetry breaking may not rely solely on two-gauge-
boson final states.
2.4.2 The O(N) Model
This scenario may be illustrated by considering a toy model of the electroweak
symmetry breaking sector based on an O(N) linear sigma model. This model
is particularly interesting since it can be solved (even for strong coupling) in
the limit of large N [44]. One constructs a model with both exact Goldstone
bosons (which will represent the longitudinal components of the W and Z) and
pseudo-Goldstone bosons. To this end letN = j+n and consider the Lagrangian
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density
L = 1
2
(∂~φ)2 +
1
2
(∂ ~ψ)2 − 1
2
µ20φ
~φ2 − 1
2
µ20ψ
~ψ2 − λ0
8N
(~φ2 + ~ψ2)
2
, (37)
where ~φ and ~ψ are j- and n-component real vector fields. This theory has an
approximate O(j+n) symmetry which is softly broken to O(j)×O(n) so long as
µ20φ 6= µ20ψ. If µ20φ is negative and less than µ20ψ, one of the components of ~φ gets
a vacuum expectation value (VEV), breaking the approximate O(N) symmetry
to O(N−1). With this choice of parameters, the exact O(j) symmetry is broken
to O(j−1) and the theory has j−1 massless Goldstone bosons and one massive
Higgs boson. The O(n) symmetry is unbroken, and there are n degenerate
pseudo-Goldstone bosons of mass mψ (m
2
ψ = µ
2
0ψ − µ20φ). This section considers
this model in the limit that j, n→∞ with j/n held fixed3.
The scalar sector of the standard one-doublet Higgs model has a global
O(4) ≈ SU(2)×SU(2) symmetry, where the 4 ofO(4) transforms as one complex
scalar doublet of the SU(2)W × U(1)Y electroweak gauge interactions. This
symmetry is enlarged in the O(N) model: the spin-0 weak isosinglet scattering
amplitude of longitudinal gauge bosons is modeled by the spin-0 O(j) singlet
scattering of the Goldstone bosons in the O(j + n) model solved in the large j
and n limit. Of course, j = 4 is not particularly large. Nonetheless, the resulting
model will have all of the qualitative features needed, and the Goldstone boson
scattering amplitudes will be unitary (to the appropriate order in 1/j and 1/n).
Thus this theory can be used to investigate the scattering of Goldstone bosons
at moderate to strong coupling [46]. No assumptions need be made about the
embedding of SU(2)W ×U(1)Y in O(n), i.e. the electroweak quantum numbers
of the pseudo-Goldstone bosons can be anything; in this work it is assumed that
the pseudo-Goldstone bosons are SU(3) color singlets4.
One may compute Goldstone boson scattering to leading order in 1/N . The
amplitude aij;kl(s, t, u) for the process φiφj → φkφl is
aij;kl(s, t, u) = A(s)δijδkl + A(t)δikδjl + A(u)δilδjk (38)
3For the complete details of the solution of this model, see [42] and [45].
4Gauge boson pair production in models with colored pseudo-Goldstone bosons is discussed
in detail in [47].
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where
A(s) =
s
v2 −Ns
(
1
λ(M)
+ B˜(s;mψ,M)
) , (39)
and
B˜ =
n
32Nπ2
1 + i√s/(4m2ψ − s) log
i−
√
s/(4m2ψ − s)
i+
√
s/(4m2ψ − s)
− log m
2
ψ
M2

+
j
32Nπ2
{
1 + log
M2
−s
}
. (40)
Here M is a renormalization point which is chosen below such that the renor-
malized coupling, λ(M), satisfies 1/λ(M) = 0.
Plotted in Fig. 1 is the absolute value of a00 vs. the center-of-mass energy
for different values of M . Here j = 4, n = 32, mψ = 125 GeV, and f = 250
GeV. The curves plotted correspond to approximately 8M/mψ = 10000, 600,
200, 100, and 60. For the weakly coupled theory, for example the 10000 curve,
there is a light Higgs boson which decays to φ’s. When the Higgs boson is light,
its width is more or less unaffected by the heavy ψ’s, and thus its properties
are identical to those of the Higgs boson of similar mass in the O(j) model [46].
As the Higgs resonance gets closer to the two ψ threshold, it gets relatively
narrower than it would have been were the ψ’s absent. As the theory becomes
more strongly coupled still, the resonance gets heavier and broader. Eventually,
for small enough M , the imaginary part of the location of the pole is so great
that there is no discernible resonance in a00.
When the Higgs resonance is heavier than twice mψ, it no longer decays
exclusively to φ’s, and thus the absolute value of the amplitude for elastic φφ
scattering never gets anywhere near 1. Probability is leaking out of this chan-
nel into that for the production of pairs of ψ’s. For comparison, the dashed
line shows the scattering amplitude in the limit mψ → ∞ with M adjusted to
produce a Higgs resonance at approximately 500 GeV.
In the gauged model, the φ’s are eaten by the gauge bosons, and become
their longitudinal components. Therefore, φφ final states correspond to two-
gauge-boson events. In this toy model the Higgs resonance may be light but so
broad that at no energy is the number of WW or ZZ events large; discovering
the Higgs boson depends on its observation in the ψψ channel. Depending on
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Figure 1: The absolute value of the φφ → φφ scattering amplitude vs. CM
energy for different values of M . Here j = 4, n = 32, mψ = 125 GeV, and
f = 250 GeV. The curves correspond to roughly 8M/mψ ∼ 10000, 600, 200,
100, and 60. The curve with the leftmost bump is 10000, and the low nearly
structureless curve is 8M/mψ ∼ 60. For comparison, the dashed line shows the
scattering amplitude in the limit mψ →∞ with M adjusted to produce a Higgs
resonance at approximately 500 GeV.
how the ψ’s decay, this may be easy or hard. Nonetheless, it is clear that an
experiment looking for electroweak symmetry breaking may not be able to rely
exclusively on the two gauge boson events.
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2.5 Current Experimental Constraints
2.5.1 Bounds on L1,2 from LEP data
One can use the effective Lagrangian to study processes at low energies, where
the longitudinal degrees of freedom are not dominant. For that purpose it is nec-
essary to consider the complete effective Lagrangian for the electroweak gauge
bosons. In this way, one can place indirect bounds on the couplings L1,2 through
their loop contributions to already measured processes. For example, the cou-
plings L1,2 enter the one-loop calculation of the Z → ff width. With some
assumptions it is possible to use these partial widths to place the 90% confi-
dence level bounds [48]:
− 28 ≤ L1 + 5
2
L2 ≤ 26. (41)
2.5.2 Present limits on BESS Model Parameters
LEP data including the total Z width, the hadronic and the leptonic par-
tial Z widths, the leptonic and bottom forward-backward asymmetries, the
τ -polarization together with the cesium atomic parity violation and the ratio
MW/MZ , have been analyzed in terms of the parameters εi [49].
The BESS contribution5 to these parameters is [50]:
ε1 = ε2 = 0; ε3 =
(
g
g′′
)2
− b
2
, (42)
where b is a parameter that characterizes the possible direct coupling between
the fermions and the new vector bosons.
The allowed region at 90% CL in the (b, g/g′′) plane is shown in Figure 2
for a top mass value of 174± 17 GeV and in the limit MV ≫ MW . The chosen
experimental value [51]
εexp3 = (3.9± 1.7)10−3 (43)
corresponds to the LEP1 data combined with UA2/CDF/D0 ones presented at
the Glasgow conference, and we have added to Eq. 43 the contribution coming
5The results on the BESS model in this and the latter sections were provided by R. Casal-
buoni, P. Chiappetta, A. Deandrea, S. De Curtis, D. Dominici, R. Gatto [50].
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from the radiative corrections [51] for MH = Λ = 1 TeV and mtop = 174 ± 17
GeV, which is εrad. corr.3 = (6.39
−0.14
+0.20)10
−3. The resulting bound is shown in
Figure 2.
Figure 2: 90% C.L. contour in the plane (b, g/g′′) from the measurement of ε3.
The solid (dashed) line is for mtop(GeV)= 191(157), Λ = 1 TeV and αs = 0.118.
3 Strongly-interacting ESB Sector at Hadron
Colliders
3.1 Vector Resonance Signals at an Upgraded Tevatron
We first consider the detection of a signal for a vector resonance at a possible
upgrade of the Fermilab Tevatron collider with center of mass energy 4 TeV and
an integrated luminosity of 10 fb−1. For a vector dominance model, it turns
out that the pp → W±Z + X process via the Drell-Yan (DY) mechanism is
most useful. Due to the lower energy of such a collider, the vector boson fusion
processes are much less significant.
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In Ref. [50] examples with different choices of parameters MV , b and g
′′ are
studied. Figure 3 shows the prediction for invariant W+Z mass distribution for
MV = 600 GeV, g
′′ = 13 and b = 0.01 to which corresponds a width ΓV = 0.9
GeV. The signal is doubled by adding the W−Z channel final state. To avoid
the QCD jet background, for most of the discussions in this report, only the
“gold-plated” channels of pure leptonic decays, such as W±Z → l±νl+l− are
considered. After multiplying by the appropriate leptonic branching ratios, one
is left with a statistically significant signal with S/
√
B ≃ 27/3 = 9.
Figure 3: Invariant mass distribution of the W+Z pairs produced per year
at Tevatron Upgrade for MV =600 GeV, g
′′ = 13 and b = 0.01. The applied
cuts are (pT )Z >180 GeV and MWZ >500 GeV. The lower, higher histograms
refer the background (296 events), background plus qq¯ annihilation signal (912
events).
The above results depend significantly on the values of model parameters
b and g′′. For the same V mass the case corresponding to the choice g′′ = 20
and b = 0.016 leads to roughly five times more events. Increasing the mass to
800 GeV reduces the signal by roughly a factor of five. In a definite region of
the parameters (b, g/g′′), the discovery limit of the Tevatron Upgrade can reach
masses MV ∼ 1 TeV [50].
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3.2 Complementarity of Vector Resonance and
Non-resonant WW Scattering at LHC
The DY mechanism is found to be in general dominant at the LHC with respect
to the fusion mechanism. It seems that a mass discovery limit for charged vector
resonances around 2 TeV can be achieved at the LHC for a large domain of the
BESS parameter space [16, 19]. Nevertheless there are still some parameter
values which lead, even for light MV masses, to too small number of events to
be discovered.
Using a QCD-like chiral Lagrangian with a dominant “ρ” meson to study
strong scattering in theWZ andW+W+ channels, Ref. [18] discussed a comple-
mentary relationship between the resonant “ρ” signal, best observed in the WZ
channel, and nonresonant scattering in theW+W+ channel. Namely, for smaller
mρ the resonant ρ → WZ signal is large while the nonresonant W+W+ signal
is suppressed. For very large mρ the resonant WZ signal is unobservable but
nonresonant W+W+ scattering is large, approaching the K-matrix unitarization
of the low energy theorem as mρ →∞ 6.
For WZ channel, the major backgrounds considered are the continuum
qq¯ →WZ and the electroweak qq → qqWZ of O(α4); in addition there are top
quark induced backgrounds which were not included, but which are expected to
be largely eliminated by the cuts imposed (see next section).
For the W±W± channel, the dominant backgrounds are the O(α2W ) [52]
and O(αWαS) [53] amplitudes for qq → qqWW . The former, like the analogous
WZ background, is computed in the standard model with a light Higgs boson.
Other backgrounds, from W+W− with lepton charge mismeasured and from
tt production are detector dependent and are therefore not included, but are
expected to be controllable [54] (see next section).
For the WZ channel the lepton rapidity was required to be yl < 2. The
cuts on the Z transverse momentum, pTZ > p
MIN
TZ , and on the azimuthal angles
φll between the leptons from the Z and the charged lepton from the W , cosφll <
(cosφll)
MAX , were optimized for each choice of mρ and for each collider energy.
A central jet veto was also imposed on events with one or more hadronic jets
6In their calculation, the mass mρ is a free parameter an the width Γρ is fixed by scaling
from QCD.
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with rapidity yj < 3 and transverse momentum pTj > 60 GeV. In addition, a
detector efficiency of 80% for the process was assumed [54].
For the like-charged W+W+ and W−W− channels, there were cuts on the
lepton transverse momentum pT l, on the azimuthal angle between the two lep-
tons φll, and a veto on events with central jets as defined above. Lastly, an 85%
detection efficiency for a single isolated lepton was used.
The observability criteria are [18]
σ↑ = S/
√
B ≥ 5 , σ↓ = S/√S +B ≥ 3 and S ≥ B, (44)
where S and B are the number of signal and background events, and σ↑ and
σ↓ are respectively the number of standard deviations for the background to
fluctuate up to give a false signal or for the signal plus background to fluctuate
down to the level of the background alone. In addition, one must require S ≥ B
so that the signal is unambiguous despite the systematic uncertainty in the size
of the backgrounds, expected to be known to within ≤ ±30% after “calibration”
studies at the LHC.
The statistical criteria apply to the detected events, i.e., after efficiency
corrections are applied. For example, assuming 85% detection efficiency for
a single isolated lepton , the criterion for the W+W+ signal applied to the
uncorrected yields is σ↑ > 6 and σ↓ > 3.5.
Complementarity of the resonant and nonresonant channels is evident in
the inverse relationship between LMIN(WZ) and LMIN(WW ) in Table 1. For
the like-sign WW channel the biggest signal occurs for the heaviest ρ meson,
mρ = 4 TeV, with a signal meeting the significance criterion for 77 fb
−1. The
WZ signal is smallest for that case, and there is no cut for which Eq. (44) is
satisfied, indicated by “NS” (no signal) in the table. For mρ = 1.78 TeV the
like-sign WW signal is smaller but the resonant WZ signal is much larger and
satisfies the criterion with only 44 fb−1. The worst case among the four models
is at mρ = 2.52 TeV. Because of the l
+l−l+ν background, the optimum cut for
that model, still in the like-sign WW channel, requires 105 fb−1 to meet the
criterion.
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Table 1: Minimum luminosity to satisfy significance criterion for W+Z +W−Z
and W+W+ + W−W− scattering. For the like-sign WW channel, the table
also shows the optimum cut on the like-sign leptons that gives LMIN(WW ),
the corresponding number of signal and background events per 100 fb−1, and
the composition of the background for the optimum cut. A central jet veto is
included as specified in the text. Rejection of all events for which the third
lepton falls within its acceptance region is assumed.
mρ(TeV) 1.78 2.06 2.52 4.0
LMIN(WZ) (fb−1) 44 98 323 NS
LMIN(WW ) (fb−1) 142 123 105 77
WW Cut
ηMAX(l) 1.5 1.5 1.5 2.0
pMINT (l) (GeV) 130. 130. 130. 130.
[cosφ(ll)]MAX −0.72 −0.80 −0.80 −0.90
WW Sig/Bkgd
(events per 100 fb−1) 12.7/6.0 14.1/5.8 15.9/5.8 22.4/8.9
WW Backgrounds (%)
lllνl 47 49 49 61
O(α2W ) 47 46 46 33
O(αWαS) 6 6 6 6
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3.3 All Channel Comparison for WW Scattering at LHC
In Ref. [17], systematic comparisons for all WW scattering channels and com-
prehensive background calculations were carried out. The final state modes
considered were the following:
ZZ → ℓ+ℓ−ℓ+ℓ−, ZZ → ℓ+ℓ−νν, W±Z → ℓ±νℓ+ℓ−,
W+W− → ℓ+νℓ−ν, W±W± → ℓ±νℓ±ν.
The signal events from strong WLWL scattering processes with WLWL
masses of order O(1 TeV) are characterized by several unique features [55, 56,
57]:
(i) very energetic leptons in the central (low rapidity) region coming from the
two fast WL’s; a very back-to-back structure for the leptons, such that
cos φℓℓ is very near −1 (φll is the azimuthal angle between a lepton ℓ1 from
one WL and a lepton ℓ2 from the other WL) and ∆pT (ℓℓ) ≡ |pT(ℓ1) −
pT(ℓ2)| is very large; and, of course, high values for the invariant mass
M(ℓℓ)2 = (pℓ1 + pℓ2)
2 constructed from two such leptons;
(ii) low hadronic jet activity in the central region;
(iii) highly energetic, low-pT (i.e. high rapidity, |y|) forward-backward ‘specta-
tor’ jets [58].
By imposing stringent leptonic cuts, vetoing central hard jets, and tagging en-
ergetic forward spectator jets to single out these features of the WLWL signal,
the otherwise very large backgrounds can be suppressed dramatically. In partic-
ular, the most difficult “irreducible” electroweak backgrounds from WTWT and
WTWL scattering have spectator jets that are more central and yield leptons
that are not so back-to-back. The central-jet-vetoing, cos φℓℓ ∼ −1 and large
∆pT (ℓℓ) cuts prove to be effective against those backgrounds. The resultant
optimized cuts are listed in Table 2.
The procedure for determining the efficiency with which the WLWL sig-
nal is retained for a given set of cuts for each of the models is as follows.
First, perform an exact calculation employing full SM matrix elements for
qq′ → qq′WW → qq′ + 4 leptons for the cases of a 1 TeV Higgs boson and a
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light Higgs boson (0.1 TeV). Regardless of the strongly-interactingWLWL sector
model, the light Higgs boson results should accurately represent the perturba-
tive SM “irreducible” backgrounds from qq′ → qq′WTWT (WTWL) processes that
are present in the absence of strong WLWL scattering. This background is in-
evitably present due to the inability of experimentally fixing the polarizations
of the final state W ’s on an event by event basis. Then, the WLWL signal for a
1 TeV Higgs boson is defined as the enhancement over the SM prediction with
a light Higgs boson (say, 0.1 TeV):
σ(WLWL signal) ≡ σ(SM mH = 1 TeV)− σ(SM mH = 0.1 TeV) . (45)
The jet-cut efficiencies for a 1 TeV Higgs boson signal, which are later applied to
other models, are determined based on the signal definition of Eq. (45). The SM
results for cross sections after imposing the cuts in Table 2, and the resulting
cut efficiencies for a 1 TeV Higgs boson signal and all the other SM backgrounds
are given in Table 3. Details regarding these background computations can be
found in Ref. [17].
To compute the cross sections forWLWL →WLWL signals in a given model
beyond the SM, one can use the Effective-W Approximation (EWA) [59] in com-
bination with the Equivalence Theorem [1, 2, 3, 13]. To obtain cross sections in
the EWA/ET approximation that include the jet-tagging and jet-vetoing cuts,
one simply multiplies the cross sections calculated via the EWA/ET technique,
including leptonic cuts, by the net jet-tagging and/or jet-vetoing efficiency as
obtained for the WLWL signal in the exact SM calculation with a 1 TeV Higgs
boson (see Table 3). This procedure should be fairly accurate since the kine-
matics of the jets in the signal events are determined by those of the initial
WL’s that participate in the WLWL scattering process. These kinematics are
independent of the strong WLWL scattering dynamics.
Table 4 and Figures 4, 5, 6, and 7 present the results for WLWL fusion
signals for various Strongly-interacting electroweak symmetry breaking models
versus SM backgrounds. Large excesses above SM backgrounds are predicted in
both the ZZ(4ℓ) and ZZ(2ℓ2ν) modes in the cases of a 1 TeV SM Higgs boson,
the Scalar resonance model and the O(2N) model. Especially encouraging is the
signal rate for the 2ℓ2ν mode. Purely on the basis of the number of events, the
W+W− channel also shows some sensitivity to those Scalar resonance models
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Table 2: Leptonic cuts, single-tagging and central-vetoing cuts on jets for
generic WLWL fusion processes at the LHC energy, by final state mode.
ZZ(4ℓ) leptonic cuts jet cuts
|y(ℓ)| < 2.5 E(jtag) > 0.8 TeV
pT (ℓ) > 40 GeV 3.0 < |y(jtag)| < 5.0
pT (Z) >
1
4
√
M2(ZZ)− 4M2Z pT (jtag) > 40 GeV
M(ZZ) > 500 GeV no veto
ZZ(ℓℓνν) leptonic cuts jet cuts
|y(ℓ)| < 2.5 E(jtag) > 0.8 TeV
pT (ℓ) > 40 GeV 3.0 < |y(jtag)| < 5.0
pmissT > 250 GeV pT (jtag) > 40 GeV
MT > 500 GeV pT (jveto) > 60 GeV
pT (ℓℓ) > MT/4 |y(jveto)| < 3.0
W+W− leptonic cuts jet cuts
|y(ℓ)| < 2.0 E(jtag) > 0.8 TeV
pT (ℓ) > 100 GeV 3.0 < |y(jtag)| < 5.0
∆pT (ℓℓ) > 440 GeV pT (jtag) > 40 GeV
cosφℓℓ < −0.8 pT (jveto) > 30 GeV
M(ℓℓ) > 250 GeV |y(jveto)| < 3.0
W±Z leptonic cuts jet cuts
|y(ℓ)| < 2.5 E(jtag) > 0.8 TeV
pT (ℓ) > 40 GeV 3.0 < |y(jtag)| < 5.0
pmissT > 50 GeV pT (jtag) > 40 GeV
pT (Z) >
1
4
MT pT (jveto) > 60 GeV
MT > 500 GeV |y(jveto)| < 3.0
W±W± leptonic cuts jet cuts
|y(ℓ)| < 2.0
pT (ℓ) > 70 GeV 3.0 < |y(jtag)| < 5.0
∆pT (ℓℓ) > 200 GeV pT (jtag) > 40 GeV
cosφℓℓ < −0.8 pT (jveto) > 60 GeV
M(ℓℓ) > 250 GeV |y(jveto)| < 3.0
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Table 3: Standard Model cross sections (in fb) for electroweak processes qq¯′ →
qq¯′WW for mH = 1 TeV and 0.1 TeV, and for the continuum WW production
at O(αs) and other backgrounds, with
√
s = 14 TeV and mt = 175 GeV.
ZZ(4ℓ) leptonic + veto / veto eff. + veto + tag / tag eff.
EW(mH = 1.0 TeV) 0.12 - 0.045 / 39%
EW(mH = 0.1 TeV) 0.019 - 0.004 / 19%
Continuum ZZ 0.42 - 0.003 / 0.6%
ZLZL signal 0.096 - 0.041 / 43%
ZZ(2ℓ2ν) leptonic + veto / veto eff. + veto + tag / tag eff.
EW(mH = 1.0 TeV) 0.69 0.30 / 43% 0.16 / 54%
EW(mH = 0.1 TeV) 0.11 0.014 / 13% 0.006 / 38%
Continuum ZZ 2.2 1.7 / 75% 0.012 / 0.7%
ZLZL signal 0.59 0.29 / 49% 0.16 / 55%
W+W− leptonic + veto / veto eff. + veto + tag / tag eff.
EW(mH = 1.0 TeV) 1.1 0.33 / 30% 0.20 / 59%
EW(mH = 0.1 TeV) 0.32 0.039 / 12% 0.016 / 40%
Continuum W+W− 6.8 3.5 / 51% 0.041 / 1.2%
tt+ jet 59 0.88 / 1.5% 0.067 / 7.7%
WLWL signal 0.80 0.29 / 37% 0.18 / 61%
W±Z leptonic + veto / veto eff. + veto + tag / tag eff.
EW(mH = 1.0 TeV) 0.32 0.07 / 22% 0.032 / 46%
EW(mH = 0.1 TeV) 0.25 0.043 / 17% 0.018 / 42%
Continuum W±Z 3.8 2.2 / 56% 0.03 / 1.4%
Ztt+ jet 0.42 0.008 / 2.0% 0.001 / 16%
WLZL signal 0.073 0.027 / 37% 0.014 / 52%
W±W± leptonic + veto / veto eff. + veto + tag / tag eff.
EW(mH = 1.0 TeV) 0.66 0.15 / 23% 0.099 / 66%
EW(mH = 0.1 TeV) 0.45 0.057 / 13% 0.034 / 60%
g-exchange 0.15 0.009 / 6.0% 0.001/ 7.7%
Wtt 0.42 0.012 / 3.0% 0.001 / 13%
Continuum W±Z 0.15 0.10/ 65% 0.001 / 1.4%
WLWL signal 0.22 0.093 / 43% 0.066 / 70%
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Figure 4: Invariant mass distributions for the “gold-plated” leptonic final states
that arise from the processes pp → ZZX → 4ℓX , pp → ZZX → 2ℓ2νX ,
pp → W+W−X , pp → W±ZX and pp → W±W±X , for √s = 14 TeV and
an annual LHC luminosity of 100 fb−1, in the case of a chirally coupled scalar
with MS = 1 TeV, ΓS = 350 GeV. The signal is plotted above the summed
background. The mass variable of x-axis is in units of GeV and the bin size is
50 GeV.
Figure 5: Same as Figure 4 but for a chirally coupled vector with MV = 1 TeV,
ΓV = 5.7 GeV.
with a sizeable rate; actual sensitivity in this channel is probably somewhat
greater since the distribution in the mass variable M(ℓℓ) broadly peaks around
mH/2. The Vec1.0 and Vec2.5 models would yield an observable event excess in
theW±W± channel, and, to a much lesser extent, in theW±Z channel where the
signal rates are rather low and the background level remains difficult. However,
in the W±Z channel there might be a chance to search for the signal peak in
the MT spectrum for MV ∼ 1 TeV. Finally, the LET-CG, LET-K, and Delay-K
models all yield observable excesses in the W±W± channel.
From Table 4 one can estimate the number of LHC years needed for gen-
erating a signal at a 99% Confidence Level from Poisson-type statistics. The
results are given in Table 5. With a few years running at the LHC, one should
be able to observe a significant enhancement in at least one gold-plated channel,
thereby revealing the underlying EWSB physics.
When the vector resonance V is not too heavy and if jet-tagging is elim-
inated, the signal from the W -V mixing (DY) mechanism can have greater
statistical significance than that found above for longitudinal W±Z scattering
in the presence of jet-tagging. Figure 8 shows the transverse mass distributions
for the sum of SM backgrounds and signals for MV = 1 TeV and 2.5 TeV via
the DY mechanism. Despite the increase in background that results from elimi-
Figure 6: Same as Figure 4 but for a chirally coupled vector with MV = 2.5
TeV, ΓV = 520 GeV.
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Figure 7: Same as Figure 4 but for a nonresonant model unitarized by the
K-matrix prescription.
Table 4: Event rates per LHC-year forWLWL fusion signals for various strongly-
interacting EWSB models and backgrounds, assuming
√
s = 14 TeV, an annual
luminosity of 100 fb−1, and mt = 175 GeV. Cuts are listed in Table 2. Jet-
vetoing and tagging efficiencies are listed in Table 3.
Bkg SM Scal O(2N) V1.0 V2.5 CG LET-K Dly-K
ZZ(4ℓ) 0.7 9 4.6 4.0 1.4 1.3 1.5 1.4 1.1
ZZ(2ℓ2ν) 1.8 29 17 14 4.7 4.4 5.0 4.5 3.6
W+W− 12 27 18 13 6.2 5.5 5.8 4.6 3.9
W±Z 4.9 1.2 1.5 1.2 4.5 3.3 3.2 3.0 2.9
W±W± 3.7 5.6 7.0 5.8 12 11 13 13 8.4
Table 5: Number of years (if < 10) at the LHC (an annual luminosity 100 fb−1)
required for a 99% confidence level signal.
Model
Channel SM Scal O(2N) V1.0 V2.5 CG LET-K Dly-K
ZZ(4ℓ) 1.0 2.5 3.2
ZZ(2ℓ2ν) 0.5 0.75 1.0 3.7 4.2 3.5 4.0 5.7
W+W− 0.75 1.5 2.5 8.5 9.5
W±Z 7.5
W±W± 4.5 3.0 4.2 1.5 1.5 1.2 1.2 2.2
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nating the jet-tag, the increase in signal event rate for a 1 TeV vector resonance
presents a clear bump near the resonance mass in the MT spectrum. As an-
ticipated, the W±Z channel via W -V mixing should be the best for studying
a Vector resonance model at the LHC if MV ∼ 1 TeV. Indeed, Table 6 shows
that in the 0.85 < MT < 1.05 TeV bin the mixing signal has a statistical sig-
nificance of S/
√
B ∼ 15, far better than obtained in any of the channels after
single-tagging of the spectator jets; see Table 4. However, the signal rate for
a 2.5 TeV vector state is too low to be observable. Due to the necessity of
more stringent leptonic cuts to suppress the larger SM backgrounds and the less
efficient M(ℓℓ) reconstruction, the W+W− channel seems to be less useful for
observing a vector resonance signal arising via the mixing process. The event
rates for signals and backgrounds are shown in Table 6.
A systematic comparison of the different gold-plated modes allows one to
distinguish between the different models to a certain degree. Models with a
scalar isospin-zero resonance (SM, Scalar and O(2N)) will yield a large excess
of events in the ZZ → 2ℓ2ν, ZZ → 4ℓ, and W+W− → ℓ+ℓ−νν final states, a
feature that is very distinct from predictions of the other models; those with
a vector isospin-one resonance with MV ∼ 1 TeV can be studied most easily
in the W±Z → ℓ±ν2ℓ channel via W -V mixing; while models with heavier
vector resonances or no resonances at all imply a large enhancement in the
W±W± → ℓ±ℓ±2ν channels. By careful optimization of the cuts, an observable
excess of events can be seen for all of the strongly-interacting models considered
here, after several years of running of the LHC with an annual luminosity of
100 fb−1.
Figure 8: Transverse mass distributions for pp → W ∗ → V → W±ZX and
W+W−X signals for MV = 1 TeV and 2.5 TeV. The signal is plotted above the
summed SM background. The mass variable of x-axis is in units of GeV and
the bin size is 50 GeV.
The like-signW+W+ process has been studied by the ATLAS collaboration
including detector simulations [60, 61]. The signal from a Standard Model Higgs
boson with mH = 1 TeV, and the backgrounds from tt, WZ and ZZ were gen-
erated using PYTHIA 5.7 [62]. The other background processes were simulated
at the parton level using the event generator of Ref. [55].
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Table 6: Events per LHC-year for qq → W+W− and qq → W±Z channels
deriving from W -V mixing and backgrounds, compared to the corresponding
WLWL fusion signal rates after removing the jet-tag cut in Table 2, assuming√
s = 14 TeV, an annual luminosity of 100 fb−1, and mt = 175 GeV.
Bkg V1.0: W -Vmix / fusion V2.5: W -V mix / fusion
W+W− 420 8.6 / 10 0.3 / 9.0
W±Z 220 73 / 8.7 1.4 / 6.4
W±Z 0.85 < MT < 1.05 TeV 2 < MT < 2.8 TeV
Bkg/mix/fusion 22/ 69 / 3.2 0.82/0.81/0.55
Table 7: For an integrated luminosity of 100 fb−1, expected rates for the
W+LW
+
L signal and for the various background processes and expected sig-
nificances as a function of cuts.
Process Same-sign Lepton Jet Tag
leptons cuts veto jets
W+LW
+
L 74 64 43 23
W+T W
+
T 560 265 78 28
g-exchange 380 175 14 1
Wtt 890 440 14 0.3
WZ/ZZ 1790 882 650 12
tt 93 15 < 5 < 5
S/
√
B 0.5 1.5 1.6 ≥ 3.4
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The minimal selection cuts on the two like-sign charged leptons are
pT (l) > 25GeV, |y(l)| < 2.5,
and the event rates are shown in the first column of Table 7). At this stage the
background is overwhelming with the largest contribution coming from WZ/ZZ
production (the tt background has been greatly reduced by the lepton isolation
cuts). If a third lepton was present within the acceptance, the invariant dilepton
masses, computed using all of the selected leptons of same flavour and opposite
charge, were required to be outside mZ±15 GeV, thus rejecting the dominant
WZ/ZZ background. Additional cuts, which increase the signal to background
ratio, require the dilepton mass to be above 100 GeV, that the opening angle in
the transverse plane between the two leptons be larger than 90◦, and that their
transverse momenta differ by less than 80 GeV. The second column of Table 7
shows the expected rates for the signal and various backgrounds, after these
additional lepton cuts.
To further reduce the overwhelming background, especially the Wtt¯, a jet
veto is imposed for
pT (j) > 40GeV, y(j) < 2
(third column of Table 7). Finally two tag jets were required in each of the
forward regions, with 15 < pT < 130 GeV. The upper limit set on the tag
jet pT significantly reduces the W
+
T W
+
T residual backgrounds. The last column
of Table 7 shows the expected rates after all cuts. The rates for W−W− pairs
would be about a factor of three lower for the W+L W
+
L and the W
+
T W
+
T pro-
cesses, but would of course be the same for the potentially more dangerous
reducible backgrounds, thus providing a useful control of their exact level after
cuts.
Charge misidentification is a negligible background, given the charge identi-
fication capabilities of the ATLAS detector for pTvalues between 25 and 500 GeV
[60, 61]. In particular, it is important to note that, after cuts, the opposite-sign
lepton pairs from W+W− and tt production contain no events with leptons of
pT > 200 GeV.
Figure 9 shows the expected same-sign dilepton pT -distribution after all
cuts. The total event rate is quite low and the signal to background ratio does
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Figure 9: For an integrated luminosity of 100 fb−1, pT -spectrum expected
for same-sign dileptons with two tag jets. Shown are the signal expected for
mH = 1 TeV and the various backgrounds discussed in the text.
not vary much as a function of the lepton pT . Several years of running at high
luminosity will be needed to establish an excess of events with respect to the
expected background processes in this channel.
3.4 Search for H → W+W− → ℓν jets decays
The ATLAS and CMS collaborations both studied the very heavy Higgs searches
for processes H → W+W− → ℓν jets and H → ZZ → ℓ+ℓ− jets decays for
mH = 1000 GeV [60, 63]. The study of these channels has concentrated mainly
on realistic estimates of the calorimeter performance in reconstructing high-
pT W/Z→jj decays in the central region (|η| < 2) and on jet tagging in the
forward regions (2 < |η| < 5), both at low and high luminosities.
The main reason for studying the H → W+W− → ℓν jets channel is that
its branching ratio is about 150 times larger than that of the gold-plated H →
ZZ → ℓ+ℓ−ℓ+ℓ− channel, thus providing the largest possible signal rate with at
least one charged lepton in the final state. The H → ZZ → ℓ+ℓ− jets channel
has also been studied although it suffers from a 7 times lower rate. The main
production mechanisms for mH = 1000 GeV are gluon fusion and vector bo-
son fusion, which is dominated by WLWL fusion and contains a much smaller
ZLZL contribution. Here only vector boson fusion, qq→qqH, is considered, since
the reconstruction of the two final state quark jets (or tag jets) provides a crucial
handle to extract the signal from the various backgrounds. In the reconstruction
of a possible signal from heavy Higgs boson decay, one of the most important
steps is the mass reconstruction of high-pTW/Z→jj decays, which should be as
efficient and accurate as possible. It was found [60] that a hadronic calorimeter
granularity of at least δηδφ = 0.10 × 0.10 is necessary to obtain good mass
resolution in the reconstruction of W→ jj decays.
To reconstruct the boson pair in the central region (|η| < 2), the following
acceptance cuts are imposed:
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• pT > 100 GeV for charged leptons and neutrinos from W/Z leptonic
decays;
• pT (W→ lν)> 350 GeV forH → W+W− → ℓν jets and pT (Z→ ll)> 200 GeV
for H → ZZ → ℓ+ℓ− jets;
• Two jets with pT > 50 GeV and with invariant mass within ±15 GeV of
the W or Z mass;
• pT (W→ jj)> 350 GeV forH → W+W− → ℓν jets and pT (Z→ jj)> 200 GeV
for H → ZZ → ℓ+ℓ− jets.
Applying a veto on additional central jets is expected to greatly reduce
the tt background [64, 60]. A jet veto cut requiring no additional jet with
pT > 15 GeV in the central region (|η| < 2) has an efficiency of ∼ 70% for the
signal and rejects the tt (resp. W+jet) background by a factor ∼ 30 (resp. ∼ 3).
At high luminosity, the threshold on the jet veto has to be raised to 40 GeV to
maintain the same signal efficiency, which was found to be uncertain to∼ ± 10%
due to uncertainties in the minimum bias model used. The background rejection
then drops to 12 (resp. 2.5) for the tt (resp. W+jet) backgrounds.
The next step in background rejection involved the reconstruction of tag
jets [58] in the forward region, i.e. for 2 < |η| <5. Jet candidates were retained
as tag jets if their transverse energy, collected in a cone of size δR = 0.5, exceeds
15 GeV. Transverse energy thresholds of 1 or 3 GeV were applied at the cell level
to study the impact of pile-up. The forward calorimeter energy resolution has
almost no impact on the performance; the tag jet, if any, was defined as the jet
with highest energy in each of the two forward regions. Most of the tag jets from
pile-up are real jets very similar to the low-pT tag jets expected from the Higgs
boson signal. No major deterioration of the tag jet reconstruction is expected
due to limitations in the integrated endcap/forward calorimeter performance,
provided the granularity is not coarser than 0.2 × 0.2 in δηδφ.
Figure 10: Distribution of reconstructed Higgs boson mass for signal above
background (dashed area) for the H → W+W− → ℓν jets channel and an
integrated luminosity of 100 fb−1 (top) and for theH → ZZ → ℓ+ℓ− jets channel
and an integrated luminosity of 3·100 fb−1.
Table 8 shows, for theH →W+W− → ℓν jets andH → ZZ → ℓ+ℓ− jets sig-
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Table 8: H →W+W− → ℓν jets signal and backgrounds before and after cuts in
forward region (see text). The rates are computed for an integrated luminosity
of 100 fb−1 and a lepton efficiency of 90% has been assumed.
Process Central Jet Single Double
cuts veto tag tag
H →W+W− 364 251 179 57
tt 6520 560 110 5
W + jets 9540 3820 580 12
Pile-up 160 2
S/
√
B 2.9 3.8 6.8 13.8
H → ZZ 58 39 29 9.1
Z + jets 1580 610 111 3.6
Pile-up 22 0.3
S/
√
B 1.5 1.6 2.8 4.8
nals respectively and for an integrated luminosity of 100 fb−1, the improvement
expected in the significance (crudely estimated as S/
√
B) of the signal after re-
quiring, first a central jet veto, and secondly a single or double tag. The pile-up
column displays separately the total amount of background due to pile-up, but
the effect of pile-up is already included correctly in each background column.
The probability of a double tag for the signal is ∼ 23%, whereas it is only 0.62%
for the overall background, including 0.35% of true double-tags, 0.21% of true
single-tags combined with a single pile-up tag and 0.06% of double pile-up tags.
The significance of the signal is obviously considerably improved by requiring a
double-tag.
The significance of the signal improves for both channels with the jet veto
cut and mostly with the jet tag requirement. The absence of tt background in the
H → ZZ → ℓ+ℓ− jets channel does not compensate for the much smaller rate.
Figure 10 shows the expected distributions for the reconstructed Higgs boson
mass, for the H → W+W− → ℓν jets channel and an integrated luminosity
of 100 fb−1 (top) and for the H → ZZ → ℓ+ℓ− jets channel and a larger
integrated luminosity of 3·100 fb−1. The sum of the signal and background
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is shown above the background (dashed area). There is not a large difference
between the shapes of the signal and background distributions, and despite
the expected significances of 13.8 for H → W+W− → ℓν jets and of 4.8 for
H → ZZ → ℓ+ℓ− jets, several years may be needed before a signal can be
established in this channel.
3.5 Bounds on L1,2 at LHC
The authors of Ref [65] have considered the bounds that can be placed on L1,2 by
the LHC. They study the purely leptonic decays of theW±Z and ZZ production
channels, for an integrated luminosity of 3×105 pb−1. They consider all possible
polarization states of the vector bosons, so their calculation is exact in the sense
that they do not rely on the Equivalence Theorem. On the other hand, they
do not compute the complete process at the quark parton level, but rely on the
Effective-W Approximation. They impose minimal acceptance cuts on the final
state vector bosons and use EHLQ parton distribution functions [66] . They
study one parameter at a time, and compare the signal with what would be
expected from the standard model with a 100 GeV Higgs boson. They find that
requiring a statistical significance
|N(Li)−N(MH = 100 GeV )|√
N(MH = 100 GeV )
≥ 5 (46)
the LHC will be sensitive to values of L1,2 ∼ O(1).
3.6 The Hidden Symmetry Breaking Sector at LHC
To compute the observability of this toy symmetry breaking sector at a given
machine, the amplitude aij;kl of Eq. (38) is used to derive partonic cross sections
for WLWL, ZLZL → ZLZL which are then folded with the appropriate gauge
boson structure functions (using the Effective-W Approximation [59] and the
EHLQ set II [66] structure functions). This yields the contribution of gauge
boson scattering to the process pp→ ZZ +X .
As in the standard model, gluon fusion through a top quark loop [23] pro-
vides a signal for gauge boson pairs comparable to the signal from gauge boson
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scattering. The correct computation in this model is somewhat nontrivial, since
it requires the inclusion of all diagrams that contribute at lowest nonvanishing
order in αs (the QCD coupling constant) and the top quark Yukawa coupling.
To this order, there are three diagrams that contribute to the ZLZL final state.
The first is the simple top quark triangle diagram, the analogue of the Higgs
boson production diagram in the standard model. Next there is the top-quark
box, which produces final state longitudinal Z’s exactly as in the standard model
[67]. Lastly, there is a two-loop diagram, in which a box of quarks (not all four
sides of which need be top) produces a pair of Goldstone bosons which rescatter
through the Higgs boson into ZLZL. This last diagram must also be computed
to get a correct, gauge invariant answer, since it is leading in 1/N .
To get a rough estimate of the gluon fusion rate, one concentrates on the
top-quark triangle, ignoring the other two diagrams. The amplitude for this
diagram is
αs s δ
ab
2π
[
v2 −Ns
(
1
λ(M)
+ B˜(s;mψ,M)
)] (gµν − 2pµ2pν1
s
)
I(s,m2t ) . (47)
Here p1 and p2 are the momenta of the two incoming gluons with polarization
vectors associated with µ and ν and colors with the a and b respectively, and
the function I(s,m2t ) is the Feynman parameter integral
I(s,m2t ) = m
2
t
∫ 1
0
dx
∫ 1−x
0
dy
(1− 4xy)
m2t − xys− iǫ
, (48)
and mt is the mass of the top quark.
In Figure 11 is shown the differential cross section for ZZ production at
the LHC as a function of ZZ invariant mass. The Z bosons both must have
rapidity less than 2.5. Here n = 8 and M = 2500 GeV (with a Higgs boson
mass of approximately 485 GeV). The gauge boson fusion contribution is shown
in the dot-dash curve, and the gluon fusion contribution is shown as the solid
curve. The irreducible background to observing the Higgs boson in Z pairs
comes from the process qq¯ → ZZ and is shown as the dashed curves. The gauge
boson scattering signal here is “hidden” because the Higgs boson is both light
and broad. The gluon fusion signal is substantially larger than the gauge boson
scattering signal. The signal, however, is still significantly below the background,
making detection of a broad resonance difficult.
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Figure 11: Differential production cross section for pp→ ZZ (at a pp center of
mass energy of 14 TeV) as a function of invariant Z-pair mass for j = 4, n = 8,
mψ = 125 GeV and the renormalization point M = 2500 GeV. A rapidity cut
of |y| < 2.5 has been imposed on the final state Zs. The gauge boson scattering
signal is shown as the dot-dash curve and gluon fusion signal (with M = 4300
GeV) as the solid curve. The background from qq¯ annihilation is shown as
the dashed curve. In all contributions, the rapidities of the Zs must satisfy
|yZ| < 2.5. All computations use the EHLQ set II structure functions with
Q2 = M2W in the gauge boson scattering curve, and Q
2 = sˆ in the other two
cases.
Figure 12: Same as the previous figure, but for a standard model Higgs boson
with mass 485 GeV.
By way of comparison, the signal for a 485 GeV standard model Higgs
boson is shown in Figure 12. In this case, because the Higgs boson is relatively
narrow, on the peak the gauge boson scattering Higgs boson signal is comparable
to the background and the gluon fusion signal is well above the background.
In [32, 68] it was shown that the numbers of final state gauge boson pairs
from gauge boson scattering is roughly independent of N if
√
NM is held fixed.
This is because as N increases for fixed
√
NM ,M and the mass and width of the
Higgs boson decrease like 1/
√
N . The increased production of Higgs bosons due
to their smaller mass7 is approximately cancelled by the Higgs boson’s smaller
branching ratio into W s and Zs. The number of signal events, therefore, is
approximately independent of N and is the same as the number which would
be present in the model with n = 0. Since the signal for gauge boson scattering
7And therefore higher gauge boson partonic luminosity [3, 59].
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in that model is (perhaps) observable [3] and since the number of ZZ events is
roughly independent of n, the authors of [32, 68] argue that the signal may be
observable for any n8.
In general, the two-gauge-boson scattering signal of a symmetry breaking
sector is not visible above the background unless the gauge boson elastic scatter-
ing amplitudes are big. This happens either when the symmetry breaking sector
is strongly coupled or at the peak of a narrow resonance. It is possible to see
this just by counting coupling constants: the background (qq → ZZ) is order g2
and is a two body final state, while the signal (qq → qqZZ) is naively of order g4
and is a four body final state. When the symmetry breaking sector is strongly
interacting and the final state gauge bosons are longitudinal, this naive g4 gets
replaced by g2aij;kl, and the signal may compete with the background. Since
aij;kl in the O(4+ 32) model is never large, the signal rate never approaches the
background rate.
Moreover, while this section is focussed on the signal for the ZZ final state,
the arguments given here should apply equally to all other two-gauge-boson sig-
nals as well. In the O(4+32) model it is likely that none of the two-gauge-boson
signals of the symmetry breaking sector may be observed over the background.
In this model even observing all two-gauge-boson modes will not be sufficient to
detect the dynamics of electroweak symmetry breaking – one will need to observe
the pseudo-Goldstone bosons, and identify them with symmetry breaking.
8Note though that the signal to background ratio is not as good at the 14 TeV LHC as it
would have been at the 40 TeV SSC [69].
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4 Strongly-Interacting ESB Sector at e+e− Lin-
ear Colliders
4.1 Vector Resonance Signals at LEP-II and NLC
Future e+e− colliders are sensitive to the neutral vector resonance if the mass
MV of the new boson multiplet lies not far from the maximum machine energy;
or if it is lower, such a resonant contribution would be quite manifest. If the
masses of the V bosons are higher than the maximum c.m. energy, they give rise
to indirect effects in the e+e− → f+f− and e+e− →W+W− cross sections. The
result of the analysis in Ref. [70] is that virtual effects of the vector state are also
important. It appears that annihilation into a fermion pair in such machines,
at the considered luminosities, would marginally improve on existing limits if
polarized beams are available and left-right asymmetries are measured. On the
other hand, the process of W -pair production in the e+e− annihilation would
allow for sensitive tests of the strong sector, especially if the W polarizations
are reconstructed from their decay distributions.
Ref. [70] analyzes cross-sections and asymmetries for the channel e+e− →
f+f− and e+e− → W+W−, assuming that it will be possible to separate
e+e− → W+L W−L , e+e− → W+L W−T , and e+e− → W+T W−T . The distribution
of the W decay angle in the c.m. frame depends indeed in a very distinct way
on its helicity, being peaked forward (backward) with respect to the production
direction for positive (negative) helicity or at 90o for zero helicity.
Consider now the WW channel, for one W decaying leptonically and the
other hadronically. To discuss the restrictions on the parameter space for masses
of the resonance a little higher than the available energy, the calculation takes
into account the experimental efficiency. It is assumed that there will be an
overall detection efficiency of 10% including the branching ratio B = 0.29 and
the loss of luminosity from beamstrahlung.
For a collider at
√
s = 500 GeV with an integrated luminosity of 20 fb−1 the
results are illustrated in Figure 13. The contours have been obtained by taking
18 bins in the angular region restricted by | cos θ| < 0.95. This figure illustrates
the 90% C.L. allowed regions for MV = 600 GeV obtained by considering the
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unpolarizedWW differential cross-section (dotted line), theWLWL cross section
(dashed line), and the combination of the left-right asymmetry with all the
differential cross-sections for the different final W polarizations (solid line). It is
clear that even at the level of the unpolarized cross-section there are important
improvements with respect to LEP-I.
Figure 13: 90% C.L. allowed regions forMV = 600GeV obtained by considering
the unpolarized WW differential cross-section (dotted line), the WLWL cross
section (dashed line), and the combination of the left-right asymmetry with all
the differential cross-sections for the different final W polarizations (solid line).
For colliders with
√
s = 1, 2 TeV and forMV =1.2 and 2.5 TeV respectively,
the allowed region, combining all the observables, reduces in practice to a line.
Therefore, even the unpolarized WW differential cross section measurements
can improve the bounds.
The effects of a vector resonance can be incorporated also by multiplying
the standard model amplitude for e+e− → W+L W−L by the complex form factor
FT [71, 72] where
9
FT = exp[
1
π
∫ ∞
0
ds′δ(s′,Mρ,Γρ){ 1
s′ − s− iǫ −
1
s′
}], (49)
δ(s) =
1
96π
s
v2
+
3π
8
[
tanh(
s−M2ρ
MρΓρ
) + 1
]
, (50)
Mρ is the techni-ρ mass and Γρ is the techni-ρ width. Note that for an infinite
techni-ρ mass δ(s) becomes
δ(s) =
1
96π
s
v2
, (51)
reflecting the low energy theorem (LET) amplitude for longitudinal gauge boson
scattering.
Figure 14 contains confidence level contours for the real and imaginary parts
of FT at
√
s = 1500 GeV with 190 fb−1 [72]. Shown are the 95% confidence level
contour about the light Higgs boson value of FT , as well as the 68% confidence
level (i.e., 1σ probability) contour about the value of FT for a 4 TeV techni-ρ.
9This discussion was provided by T. Barklow.
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Figure 14: Confidence level contours for the real and imaginary parts of FT at√
s = 1500 GeV with 190 fb−1. The initial state electron polarization is 90%.
The contour about the light Higgs boson value of FT = (1, 0) is 95% confidence
level and the contour about the Mρ = 4 TeV point is 68% confidence level.
Even the non-resonant LET point is well outside the light Higgs boson 95%
confidence level region. The 6 TeV and and 4 TeV techni-ρ points correspond
to 4.8σ and 6.5σ signals, respectively. At a slightly higher integrated luminosity
of 225 fb−1, it is possible to obtain 7.1σ, 5.3σ and 5.0σ signals for a 4 TeV
techni-rho, a 6 TeV techni-rho, and LET, respectively.
4.2 WW Fusion Processes:
W+W− → W+W− versus W+W− → ZZ
The ratio of W+W− →W+W− and W+W− → ZZ cross sections is a sensitive
probe of the strongly-interacting electroweak sector [73, 74], since the models
have distinctive particle spectra with different weak isospin content. For a scalar-
dominance model, one expects the W+L W
−
L rate to be larger than ZLZL, e.g. a
SM-like Higgs boson dominating in the s-channel gives σ(H → W+LW−L )/σ(H →
ZLZL) ∼ 2. For a vector-dominance model there would be a significant resonant
enhancement in the W+L W
−
L mode, but not in ZLZL due to the weak isospin
conservation in strongly-interacting electroweak sector (just like ρ0 → π+π−
but not π0π0 in QCD). On the other hand, if the resonances are far from our
reach, then the LET amplitudes behave like −u/v2 for W+L W−L → W+L W−L
and like s/v2 for W+LW
−
L → ZLZL, so that σ(W+L W−L → ZLZL)/σ(W+LW−L →
W+LW
−
L ) = 3/2. The ZLZL rate is then larger than W
+
L W
−
L , and even more so
in the central scattering region. Measuring the relative yields of W+L W
−
L and
ZLZL will therefore reveal important characteristics of the strongly-interacting
ESB sector.
The W± and Z bosons may be detected by their dijet decay modes and
identified via the dijet invariant masses M(W± → jj) ≃ MW , M(Z → jj) ≃
MZ . With realistic mass resolution, discrimination cannot be made event-by-
event but can be achieved on a statistical basis.
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The experimentalW dijet mass distributions will contain the intrinsic decay
widths folded with experimental resolution factors depending on calorimetry
and geometry. It is possible to explore [74] the dijet mass resolution using two
alternative jet energy resolution algorithms [75]
δEj/Ej = 0.50
/√
Ej ⊕ 0.02 Algorithm A (52)
= 0.25
/√
Ej ⊕ 0.02 Algorithm B (53)
Figure 15: W± → jj and Z → jj dijet invariant mass distributions for
e+e− → eνWZ events at √s = 1.5 TeV, found by applying (a) algorithm A
and (b) algorithm B (see text) for calorimeter energy resolution, omitting angu-
lar resolution and heavy-quark decay effects.
in GeV units, where the symbol ⊕means adding in quadrature. This was applied
to the typical SM background process e+e− → e+νW−Z at √s = 1.5 TeV,
averaging over all final W → jj dijet decays with gaussian smearing of jet
energies according to these algorithms; the resulting W± → jj and Z → jj
dijet invariant mass distributions are shown in Figure 15. Since this study
omits angular resolution effects, sensitive to details of detector design, in the
illustrations below the more conservative algorithm A is adopted.
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If one now identifies dijets having measured mass in the intervals
[0.85MW ,
1
2
(MW +MZ)] and [
1
2
(MW +MZ), 1.15MZ ]
as W± → jj and Z → jj, respectively, and includes the effects of semileptonic
decays of b and c quarks, algorithm A indicates that true W+W−, W±Z, ZZ →
jjjj events will be interpreted statistically as follows:
WW ⇒ 73%WW, 17%WZ, 1% ZZ, 9% reject,
WZ ⇒ 19%WW, 66%WZ, 7% ZZ, 8% reject,
ZZ ⇒ 5%WW, 32%WZ, 55% ZZ, 8% reject,
These numbers show that misidentification of W+W− as ZZ (or vice versa) is
very unlikely; also the loss of W+W− or ZZ signal strength is not in itself very
serious. The principal danger comes from W±Z events that are misidentified as
W+W− or ZZ, confusing or even swamping these signals if W±Z production
is relatively large. One must therefore ensure, via suitable acceptance criteria,
that W±Z production is not an order of magnitude bigger than W+W− or ZZ
signal.
The SM signals for W+LW
−
L → W+L W−L , ZLZL fusion processes with a
heavy Higgs boson have been considered previously, along with certain SM
backgrounds [76, 77, 78, 79]. The irreducible SM backgrounds to the Strongly-
interacting Electroweak Sector, which include transversely polarized vector bosons
W±T and ZT production, can be obtained by settingmH = 0; further backgrounds
arise from misidentifying other W and Z combinations.
The remaining scattering cross sections of interest are illustrated in Figure
16. This figure shows SM cross sections for the fusion processes with both
mH = 0 (solid curves) and mH = 1 TeV (dashed curves); the excess over the
mH = 0 case represents the strongly-interacting EWSB signal in the SM with a
heavy Higgs boson. The signals of present interest have final-state W+L W
−
L and
ZLZL pairs, giving four-jet final states with two undetected neutrinos.
The basic acceptance cuts are the following. Since one is interested in WW
scattering at high subprocess energy, one looks for pairs of weak bosons with high
invariant masses MWW , high transverse momenta pT (W ) of the vector bosons,
and relatively large angles θW with respect to the beam axis. The cuts require
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Figure 16: Cross sections for SM scattering processes that can contribute to
strongly-interacting EWSB signals and backgrounds in the e+e− → ν¯νW+W−
and ν¯νZZ channels, versus CM energy
√
s.
MWW > 500 GeV ; pT (W ) > 150 GeV ; | cos θW | < 0.8. (54)
The SM e+e−W+W− background gets very large contributions from the
virtual γγ → W+W− subprocess, which gives mainly dibosons with small net
transverse momentum pT (WW ), quite unlike the WLWL signal and other back-
grounds. It is demonstrated [74] that it is advantageous to select an intermedi-
ate range of pT (WW ), to remove a lot of background at little cost to the signal;
Figure 17: Expected numbers ofW+W−, ZZ → (jj)(jj) signal and background
events, in 20 GeV bins of diboson invariant mass, for 200 fb−1 luminosity at√
s = 1.5 TeV: (a) W+W− events, (b) ZZ events. Dijet branching fractions
and W±/Z identification/misidentification factors are included. The dotted
histogram denotes total SM background including misidentifications. The solid,
dashed and dot-dashed histograms denote signal plus background for the LET,
SM and CCV models, respectively; CCS model results are close to the SM case.
48
somewhat similar cuts are made for pT (ZZ) , though these are less crucial.
Specifically, the cuts require
50 GeV < pT (WW ) < 300 GeV, 20 GeV < pT (ZZ) < 300 GeV, (55)
at
√
s = 1.5 TeV. With large minimum pT (WW ) and pT (ZZ) requirements,
it becomes much less likely that the final-state electrons in eeWW and eνWZ
background channels can escape undetected down the beam-pipes; a veto on vis-
ible hard electrons is now very effective against eeWW (less so against eνWZ).
Therefore, the veto [77]
no e± with Ee > 50 GeV and | cos θe| < cos(0.15 rad) (56)
is imposed.
Table 9 presents the results for e+e− collisions at
√
s = 1.5 TeV, showing
signal and background cross sections before and after successive cuts. Here
the SM with a heavy Higgs boson and LET Model signals have been found by
subtracting the SM mH = 0 intrinsic background from SM mH = 1 TeV and
mH =∞ values, respectively. Partial wave unitarity is respected at all energies
reached here so that no unitarization needs to be imposed. For the chirally
coupled scalar (CCS) and chirally coupled vector (CCV) models, the signals
are calculated in the Effective W -boson Approximation. The validity of this
approximation can be checked by comparing CCS (with gS = 1) to the exact
SM results; there is agreement at the 20% level, using the cuts in Eq. (54). In
such an approximation, however, the kinematical cuts of Eqs. (55)–(56) cannot
be implemented; it is therefore assumed that the efficiencies of these cuts are
the same as for the SM with a heavy Higgs boson (mH = 1 TeV) signal. For
comparison, results for e−e− → ννW−W− are also included [80], with the same
cuts as the ν¯νW+W− case. Note that the LET signal rates for e+e− → νν¯ZZ
and e−e− → ννW−W− channels are essentially equal (when the cuts imposed
are the same); this is a consequence of the Low Energy Theorem and crossing
symmetry for WLWL scattering. Branching fractions for W → jj decays and
W±/Z identification/misidentification factors are not included in this table.
Figure 17 shows the expected signal and background event rates versus
diboson mass for different models at a 1.5 TeV NLC, assuming an integrated
luminosity of 200 fb−1. The branching fractions BR(W → jj) = 67.8% and
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Table 9: Cross sections in fb, before and after cuts, for e+e− collisions at
√
s =
1.5 TeV. For comparison, results for e−e− → ννW−W− are also presented,
with the same energy and the W+W− cuts. Hadronic branching fractions of
WW decays and the W±/Z identification/misidentification are not included
here. The first number in the final e+e−W+W− and eνWZ entries denotes the
pT > 20 GeV choice, for the case where WW and WZ are misidentified as ZZ;
the second number (in parentheses) denotes the pT > 50 GeV choice, for the
case where they are identified as WW .
Contribution no cuts + Eq. (54) + Eqs. (54)–(56)
ν¯νW+W− signals (fb)
SM (mH = 1 TeV) 7.7 3.5 2.4
CCS (MS,ΓS = 1, 0.35 TeV) − 3.5 2.4
CCV (MV ,ΓV = 1, 0.03 TeV) − 1.5 1.0
LET (mH =∞) 3.1 0.61 0.46
ν¯νZZ signals (fb)
SM (mH = 1 TeV) 5.9 2.4 2.2
CCS (MS,ΓS = 1, 0.35 TeV) − 2.7 2.5
CCV (MV ,ΓV = 1, 0.03 TeV) − 0.72 0.67
LET (mH =∞) 3.4 0.89 0.84
ννW−W− signals (fb)
SM (mH = 1 TeV) 2.7 0.53 0.39
CCS (MS,ΓS = 1, 0.35 TeV) − 0.71 0.52
CCV (MV ,ΓV = 1, 0.03 TeV) − 0.72 0.53
LET (mH =∞) 3.5 0.89 0.63
SM Backgrounds (fb)
ν¯νW+W− (mH = 0) 45 1.1 0.86
ν¯νZZ (mH = 0) 18 0.84 0.72
e+e−W+W− (mH = 0) 2000 28 3.5(0.95)
eνWZ (mH = 0) 150 4.6 3.1(2.7)
e−e− → ννW−W− (mH = 0) 51 2.3 1.7
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BR(Z → jj) = 69.9% [81] and the W±/Z identification/misidentification fac-
tors are all included here. Comparing the W+W− events [Fig. 17(a)] and ZZ
events [Fig. 17(b)], it is again clear that a broad Higgs-like scalar will enhance
both W+W− and ZZ channels with σ(W+W−) > σ(ZZ); a ρ-like vector reso-
nance will manifest itself throughW+W− but not ZZ; while the LET amplitude
will enhance ZZ more than W+W−. Table 10 summarizes the corresponding
total signal S and background B event numbers, summing over diboson invari-
ant mass bins, together with the statistical significance S/
√
B. The LET signal
for W+W− is particularly small; the ratio S/B can be enhanced by making a
higher mass cut (e.g. MWW > 0.7 TeV), but the significance S/
√
B is not in
fact improved by this. Results for e−e− → ννW−W− have again been included
for comparison.
At the NLC, since electron polarization of order 90–95% at injection with
only a few percent depolarization during acceleration may well be achievable
[82], it is interesting to consider also the effects of beam polarization. The
W+W− → W+W−, ZZ scattering signals of interest arise from initial e−L and
e+R states only and the signal cross sections are therefore doubled with an e
−
L
beam. Table 11(a) shows the background cross sections for the beams e+e−L ,
e−e−L and e
−
Le
−
L . Based on these results, event numbers and significances for the
case of 100% e−L beam at
√
s = 1.5 TeV with 200 fb−1 are shown in Table 11(b),
to be compared with Table 10; S and B for intermediate beam polarizations can
be found by interpolating Table 10 and Table 11.
Since the strongly-interacting EWSB signals increase with CM energy, a 2
TeV e+e− linear collider would give a larger signal rate. At
√
s = 2 TeV the
mH = 1 TeV and mH =∞ signal cross sections are, forW+W−, (see Figure 16)
σSEWS(SM 1TeV) = σW+W−(mH = 1 TeV)− σW+W−(mH = 0) ≃ 20 fb
σSEWS(LET) = σW+W−(mH =∞)− σW+W−(mH = 0) ≃ 5 fb
and for ZZ,
σSEWS(SM 1TeV) = σZZ(mH = 1 TeV)− σZZ(mH = 0) ≃ 14 fb
σSEWS(LET) = σZZ(mH =∞)− σZZ(mH = 0) ≃ 7 fb
The signal rates are enhanced by about a factor ∼ 2–2.5 by increasing the CM
energy from 1.5 to 2 TeV (compared with the first numerical column in Table 9).
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Table 10: Total numbers of W+W−, ZZ → 4-jet signal S and background B
events calculated for a 1.5 TeV NLC with integrated luminosity 200 fb−1. Events
are summed over the mass range 0.5 < MWW < 1.5 TeV except for the W
+W−
channel with a narrow vector resonance in which 0.9 < MWW < 1.1 TeV.
The statistical significance S/
√
B is also given. For comparison, results for
e−e− → ννW−W− are also presented, for the same energy and luminosity and
the W+W− cuts. The hadronic branching fractions of WW decays and the
W±/Z identification/misidentification are included.
channels SM Scalar Vector LET
mH = 1 TeV MS = 1 TeV MV = 1 TeV
S(e+e− → ν¯νW+W−) 160 160 46 31
B(backgrounds) 170 170 4.5 170
S/
√
B 12 12 22 2.4
S(e+e− → ν¯νZZ) 120 130 36 45
B(backgrounds) 63 63 63 63
S/
√
B 15 17 4.5 5.7
S(e−e− → ννW−W−) 27 35 36 42
B(backgrounds) 230 230 230 230
S/
√
B 1.8 2.3 2.4 2.8
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Table 11: Improvements from using 100% polarized e−L beams in a 1.5 TeV
e+e−/e−e− collider. Part (a) gives SM background cross sections in fb with the
full cuts Eqs. (54)–(56); the signal cross sections are simply doubled with each
e−L beam compared to Table 9. Part (b) gives the expected numbers of signal
and background events for integrated luminosity 200 fb−1, to be compared with
Table 10.
(a) SM Backgrounds Cross sections in fb with Eqs. (54)–(56)
e+e−L → ν¯νW+W− (mH = 0) 1.7
e+e−L → ν¯νZZ (mH = 0) 1.4
e+e−L → e+e−W+W− (mH = 0) 4.3 (1.3)
e+e−L → eνWZ (mH = 0) 4.5 (3.9)
e−e−L → ννW−W− (mH = 0) 3.4
e−e−L → e−e−W+W− (mH = 0) 1.3
e−e−L → e−νW−Z (mH = 0) 4.4
e−Le
−
L → ννW−W− (mH = 0) 6.8
e−Le
−
L → e−e−W+W− (mH = 0) 1.8
e−Le
−
L → e−νW−Z (mH = 0) 6.5
(b) channels SM Scalar Vector LET
mH = 1 TeV MS = 1 TeV MV = 1 TeV
S(e+e− → ν¯νW+W−) 330 320 92 62
B(backgrounds) 280 280 7.1 280
S/
√
B 20 20 35 3.7
S(e+e− → ν¯νZZ) 240 260 72 90
B(backgrounds) 110 110 110 110
S/
√
B 23 25 6.8 8.5
S(e−e−L → ννW−W−) 54 70 72 84
B(background) 400 400 400 400
S/
√
B 2.7 3.5 3.6 4.2
S(e−Le
−
L → ννW−W−) 110 140 140 170
B(background) 710 710 710 710
S/
√
B 4.0 5.2 5.4 6.3
53
There are other related works [79, 83] on the similar subject to that dis-
cussed here. The results reported here [74] are updated and more optimistic.
5 Heavy Higgs Boson And Strong WW
Scattering Signal at Photon Linear Colliders
One can envision running a high energy linear collider in a γγ collision mode10 by
Compton backscattering laser beams off the electron beams [84]. The feasibility
of the heavy Higgs and strong vector boson scattering signals is of immediate
interest, and a comparison of the potential of the γγ collider to that of the parent
e+e− collider is needed to assess the motivation for adding the γγ option. The
central issue in all attempts to find these signals at γγ colliders is the size of the
transversely polarized backgrounds (which typically are much larger than the
longitudinally polarized signals).
The heavy Higgs boson (and other strong scattering signals) at photon lin-
ear colliders can be investigated in the modes [85, 21] γγ → ZZ, γγ →W+W−,
and [86] γγ → W+W−W+W−,W+W−ZZ. The irreducible backgrounds in the
first two cases are severe, with σ(γγ → WW ) ∼ 90 pb and σ(γγ → ZZ) ∼ 250
fb, with the dominant contributions to the cross sections coming when both final
state bosons are transversely polarized. These contributions are strongly peaked
in the forward and backward regions, but are still very large even after a cut
on the scattering angle. The full Standard Model calculations for the processes
γγ → W+W−W+W−,W+W−ZZ have recently become available, and the true
size of the background can now be better ascertained.
The heavy Higgs boson in the channel γγ → H → ZZ is analogous to
gg → H → ZZ at hadron colliders, but the W -boson loops give a much more
substantial contribution at high energies to the continuum background of the
former process than do the fermion loops that contribute to both processes.
The process [87] γγ → ZZ is analogous to “light-on-light” scattering γγ → γγ,
but also includes the richer structure associated with the longitudinal Z bosons.
The processes γγ → γγ and Z → 3γ were previously investigated, but in the
10This section was originally drafted by M. Berger.
54
kinematic regions where the W boson loop contributions are small. These pro-
cesses are very large at large center-of-mass energies in photon-photon collisions
[87, 88]. These contributions arise strictly from the nonabelian electroweak
gauge theory and exist regardless of whether a light Higgs boson exists or how
the electroweak symmetry is broken (in the high energy limit the cross sections
for the three processes differ only by factors of tan θW from the ratio of the cou-
plings of the Z and the photon to the W ). At lower center-of-mass energies the
cross section is more modest, and the Higgs boson can be found at the 5σ level
with 10 fb−1 if MH <∼ 350 GeV [87]. For higher masses the size of the Higgs bo-
son peak is reduced, and the size of the continuum background increases rapidly.
Therefore, increasing the luminosity does not increase the reach in Higgs boson
mass significantly and not much is gained in the γγ option over the e+e− one,
as far as discovery of the Higgs boson in this channel 11.
In both γγ → ZZ and γγ →W+W− the s-channel Higgs boson signal and
the continuum background interfere constructively for center-of-mass energies
below the Higgs boson pole, and interfere destructively above it. Morris et
al.[89] have considered the possibility that the Higgs boson signal in γγ → H →
W+W− can be seen as a resonance dip in theMWW spectrum. Assuming a rather
optimistic experimental resolution σres = 5 GeV forMWW , they find a statistical
significance of the Higgs boson signal in excess of 5σ only for MH <∼ 175 GeV
at a
√
se+e− = 500 GeV collider with 20 fb
−1 luminosity. Assuming instead a
luminosity of 100 fb−1 one might expect a 5σ effect for MH <∼ 300 GeV. With
decreased experimental resolution of MWW , the resonance dip will become less
statistically significant; in any case the process γγ → H → ZZ discussed above
has a higher reach.
In models with strong electroweak symmetry breaking the process γγ →
ZLZL can proceed more generally through γγ →W+L W−L followed by the rescat-
tering W+L W
−
L → ZLZL. This is analogous to the ordinary hadronic process
γγ → π0π0. Early enthusiasm for the possibility of observing strong WW scat-
tering in this way at a photon linear collider has diminished somewhat with the
observation by Jikia that the large Standard Model background of transversely
11However the Hγγ coupling can be measured for MH <∼ 350 GeV and could possibly shed
light on the properties of the Higgs boson(s) and heavy quanta that contribute to this coupling
[10].
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polarized Z pairs is overwhelming, just as γγ → W+L W−L is much smaller than
γγ → W+T W−T . Nevertheless, one can attempt to employ techniques to isolate
the longitudinal signal. Since longitudinal and transverse Z bosons can never
be separated on an event-by-event basis, one must resort to the application of
statistical means to try to separate the signal from the background. One such
attempt made recently [20] is to make use of the harder pT spectrum of the
longitudinal Z decay products, which has proved effective at hadron colliders.
Unfortunately this technique appears insufficient to provide a viable signal. The
strong scattering models employed smoothly extrapolated the threshold behav-
ior described by the low energy theorems in a manner that satisfies unitarity.
The result is that the transverse background is so large that the nonresonant
JZ = 0 contributions from the low energy theorem are never observable, even
with 100 fb−1. Furthermore the signal-to-background (S/B) ratio remains at
only a few percent, so that even with much higher luminosity there remains a
potential problem with systematic errors.
If one considers energies much in excess of one TeV, then one does not
expect the s-wave contribution to the scattering to necessarily dominate. The
mode γγ → ZZ (and γγ → W+W−) couples to JZ = 0 and JZ = 2, and
resonances might ultimately be observable in these channels. In fact the QCD
data has a prominent tensor resonance, γγ → f2(1270) → π0π0. As a simple
model one can scale up the QCD data by a factor of v/fπ ∼ 2600, one sees that
an analogous resonance would appear in γγ → ZLZL at 3.4 TeV. This tensor
could be seen at a photon-photon collider with 100 fb−1 provided the energy of
the collider is sufficient (
√
se+e− = 4 TeV). If a photon-photon collider can be
made sufficiently monochromatic, the luminosity requirement is not as severe
(since this is a resonance).
It was proposed [86] that the strong WW dynamics would be better ob-
served at a photon linear collider in the processes γγ → WWWW,ZZWW ,
analogous to the strong scattering process [3] qq → qqWW . One is still con-
fronted with the possibility that the transverse background is too large; this
issue has been addressed recently by Jikia [90] and Cheung [91]. Jikia finds
that with luminosity of 200 fb−1, a 1.5 TeV e+e− collider operating in the γγ
mode can successfully observe a heavy Higgs boson with mass up to 700 GeV.
To obtain a reach in the Higgs boson mass up to 1 TeV, a 2 TeV e+e− collider
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is required. These results were obtained taking into account the usual photon
luminosity spectrum [84]. Jikia also finds that a 2 TeV linear collider in the γγ
mode is roughly equivalent to a 1.5 TeV e+e− collider. Cheung’s conclusions are
more optimistic, primarily because he assumes a monochromatic photon spec-
trum. He finds that strong scattering (including a 1 TeV Higgs boson) can be
seen with a γγ collider at a 2 TeV e+e− collider with 100 fb−1, and that at
a 2.5 TeV e+e− collider one would need only 10 fb−1 when the photon-photon
spectrum is monochromatic with
√
sγγ ∼ 0.8√se+e−. Since the cross section of
the signal rises rapidly with energy, one loses statistical significance when it is
convoluted with the usual photon luminosity spectra obtained assuming zero
conversion distance. The viability of this signal still requires that the decays of
the W and Z bosons be incorporated, and detector simulations be performed to
determine realistic acceptances.
There is the possibility that the achievable luminosity of the γγ collider
may in practice be much larger than that for a e+e− collider. If the necessary
luminosities at the TeV e+e− collider are not attainable because of beam-beam
interactions, the γγ option might be the only way to achieve the needed event
rates.
6 Summary
With our present lack of experimental information on the electroweak symmetry
breaking mechanism, a strongly-interacting electroweak sector remains a logical
possibility. In designing experiments at future high energy colliders, it is neces-
sary to carry out comprehensive studies for physics of the strongly-interacting
ESB sector, which has unique characteristics in terms of experimental searches
and special demands on the detector performance.
In this report, we presented phenomenological discussions for a strongly-
interacting ESB sector at future e+e− (NLC), pp¯, pp (the upgraded Tevatron and
LHC), and γγ colliders. We adopted a (relatively) model independent approach
based on effective (chiral) Lagrangians. We studied the cases in which the
underlying dynamics is dominated by a spin-zero, isospin-zero resonance; by a
spin-one, isospin-one resonance; and when there is no resonance at all below
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1 to 1.5 TeV.
• If new, strongly-interacting (techni-ρ-like), vector multiplets exist, a 4 TeV
upgraded Tevatron could be capable of finding them for masses up to MV ∼ 1
TeV.
• The LHC has statistically significant sensitivity to explore strongly inter-
acting ESB physics. For the gold-plated, purely leptonic decays of the final-state
W ’s, and imposing stringent leptonic cuts, forward-jet-tagging and central-jet-
vetoing, large SM backgrounds can be effectively suppressed. This has been sup-
ported by realistic detector simulations. Complementarity has been explored for
theW±Z andW±W± channels in studying a vector-dominance model or a non-
resonant model. A systematic comparison of the different final states allows one
to distinguish between different models to a certain degree. A statistically sig-
nificant signal can be obtained for every model (scalar, vector, or non-resonant)
in at least one channel with a few (1-3) years of running (at an annual luminos-
ity of 100 fb−1) if the systematics in the high luminosity environment are under
control. It is also demonstrated with detector simulations that the semileptonic
decays of a heavy Higgs boson, H → W+W− → lνjj and H → ZZ → l+l−jj,
can provide statistically significant signals for mH = 1 TeV, after several years
of running at the high luminosity.
• The process e+e− → W+W− is an effective probe of strong electroweak
symmetry breaking, especially for physics with a vector resonance. With
√
see=1.5
TeV and 190 fb−1, it should be possible to distinguish the effects from a very
heavy techni-ρ, as well as a non-resonant amplitude, and from the standard
model with a light Higgs boson.
• The WW fusion processes are complementary to the s-channel W+W−
mode since they involve more spin-isospin channels (the I = 0 and I = 2 chan-
nels). For an e+e− collider at
√
s = 1.5 TeV and 190 fb−1, the W+W−/ZZ
event ratio can be a sensitive probe of a strongly-interacting electroweak sector.
Statistically significant signals are found for a 1 TeV scalar or vector parti-
cle. There is also about a 6σ signal for non-resonant LET amplitudes via the
W+W− → ZZ channel alone. For an e−e− collider with the same energy and
luminosity, the LET signal rate for the ννW−W− (I = 2) channel is similar to
the LET result of e+e− → ν¯νZZ, as anticipated, while the background rate is
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higher. The signals are doubled for an e−L polarized beam (or quadrupled for
two e−L beams), whereas the backgrounds increase by smaller factors. A 2 TeV
e+e− linear collider would increase the signal rates by roughly a factor of 2–2.5.
• The heavy Higgs boson (and other strong scattering signals) can be in-
vestigated at photon linear colliders in the modes γγ → ZZ, γγ → W+W−,
and γγ → W+W−W+W−,W+W−ZZ. The irreducible backgrounds in the first
two cases are severe, while the processes γγ → WWWW,ZZWW seem to be
more promising. It is found that to obtain a reach in the Higgs boson mass up
to 1 TeV, a 2 TeV e+e− collider is required with luminosity of 200 fb−1. The
results were obtained taking into account the back-scattered photon luminos-
ity spectrum. It is also found that such a 2 TeV linear collider running in the
γγ mode is roughly equivalent to a 1.5 TeV e+e− collider for the purpose of
studying strongly-interacting ESB physics (the correspondence scales roughly
as
√
sγγ ∼ 0.8√see).
• It is possible for the W and Z scattering amplitudes to be small and
structureless. If the symmetry breaking sector contains a large number of par-
ticles in addition to the longitudinal gauge bosons, there may be light but very
broad “resonances”. A toy model illustrating this scenario may be constructed
using scalar O(N) field theory solved in the limit of large N . This model con-
tains a Higgs boson which, due to its anomalous width, may be “hidden”: the
theory may be strongly coupled without the number of two gauge boson events
being large. In such a scenario, the broad Higgs resonances may be difficult
to observe through the dominant hadronic final state at a hadron collider, but
may be possible at an e+e− linear collider because of a cleaner experimental
environment.
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